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1, INTRODUCTION

1.1 Background

For tactical air superiority a pilot should know where in the
flight envelope he enjoys slight advantage, attempt to structure
the engagement to enter this region, and be willing to travel to
the border of his flight envelope to capture the advantage.
Unfortunately, in the very important case of maneuverability, for
years the borders of the flight envelope have produced bodily
acceleration levels which represent a physiologically hoscile
environment. The acceleration data plotted in Figure 1l.1l-1 is
taken from a 1938 flight of a Heinkel He 50 biplane dive bomber
(18) and demonstrates very significant acceleration onset rates to
the 4g level and elevated G levels sustained for up to six

seconds.

(=

e
Figure 1.1-1 G lavels experienced in a 1938 Heinkel

S0 flight {from Von Beckh (18)) (courtesy
of Aerospece Medical Association).

The evolution of tactical aircraft has intensified this hos-
tile environment in terms of acceleration magnitude, duration, and
frequency of occurrence as demonstrated in Figure 1.1-2 which il-
lustrates G levels recorded during an actual F4E combat engagement
(154) , The newest domesiic tactical aircraft designs have further
intensified acceleration levels as depictced in Figure 1,1-3 demon-
strating Fl5 engagement capabilities (86)., We often think of such
maneuvering as being the sole province of air combat maneuvering
(ACM); however, close alr support and other air to ground sorties
can employ low level terrain avoidance flight strategically.-
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’ Figure 1.1-2 Recorded G levels (from Leverett & Burton

(184)) (courtesy of Advisory Group for
Aerospace Research and Development).
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Figure 1.1-3 F15 engagement capabilitieg (from Gillingham '

& Krutz(gse)).

{ Perdriel and Whiteside (170) report on significant acceleration in-
duced visual degradation occurring in such flight. It is evident
that the technology of aircraft design and mission strategy have
produced increases in flight acceleration boundaries reaching the
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threshold of that which can be withstood by pilots. Assuming such
advantages have been provided friend snd foe alike, the measure of
advantage may more directly fall on the efficacy of protective de-
vices a pilot is provided with to help increase his resistance to

the adverse effects of elevated acceleration and how well trained

the pilot is in functioning in this environment,

Entrance to and operation in the high G environment occurs
for strategic reasons to gain advantage, and affects, depending on
the severity of the acceleration levels encountered, pilot air-
craft control (50, 98). Similarly, maneuvering tactics are struc-
turad to accommodate the physiological stresses of high G and at-
tempt to minimize the more se_-ious physiological abuse which could
lead to catastrophic consequences. Thus, during World War Il dive
bomber pilots found it preferable to enter a dive with a roll over
maneuver which would maintain "positive G's" rather than a push-
over which wculd expose them to the whipsaw effect of "negative
G's" during the dive with immediate reversal to positive G's dur-
ing the subsequent dive pullout. In the latter case the cardiovas-
cular system would complete its compensation for a negative G con-
dition and leave the pilot very unfavorably prepared for the subse-
quent onslaught of positive G. Even in the more advantageous con-
dition of maintenance of positive G's throughout the maneuver, un-
consciousness with resulting involuntary relaxation of the stick
was feared and aircraft were normally trimmed up nose-high such
that, should syncope (brief loss of consciousness due to sudden
lowering of blood pressure) occur, the aircraft might fly itself
out of the dive (176).

Simulation for the purposes of pilot training, in the main,
has not provided means to replicate the physiological effects of
high G. Although centrifuges are invaluable for research, they
are not practical for pilot training. Even the lower acceleration
levels of normal maneuvering have been exceedingly difficult to

. —
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simulate satisfactorily through the use of large simulated cockpit

motion systems,

The G-seat approach to somatic stimulation teaches that di-
rect sensory stimulation can be acceptable, useful, and perhaps
extended to produce some of the high G effects of importance for
training. But what are the effects associated with high C? Which
effects are important to pilot control of the aircraft? Which ef-
fecte alter the structure of a mission? How might these effects
be best generated in the lg training environment? Do the physio-
logical effects include lower acceleration range stimuli useful to
the pilot in a broader range of maneuvering circumstances than
just those found at high G levels? Are the inclusion of these
effects within tactical aircraft simulation worth the cost and
possible pilot encumbrance necessary to generate the effects?

These are questions without readily available answers. Yet
the trend of aircraft technology indicates both a greater utiliza-
tion of the high G regime and increased reliance on simulation for
training. Therefore those responsible for tactical aircraft pilot
training programs and equipment must be concerned with addressing
these questions and initiatina work leading to their answer.

1.2 Approach

The answers to these questions posed above are rooted in an under-
standing of the behavioral changes which occur as a function of
acceleration induced physiological change, At least two possible
approaches could be taken: experimentation within the actual task
and attempt to monitor the relationship of individual physiologi-
cal variables to behavior or, secondly, work within a totally sim-
ulated environment and sequentially add the simialation producing
additional physiological stimuli while observing behavioral

change,
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The prognosis in using th: first approach to determine the
importance of high G effects is unfavorable. Collyer, in a 14973
report (50) addvessing psychomotor testing, addresses this point
pessimistically.

"The studies reviewed in this report section indicate
that only a few attempts have been mad: to measure, simultan-
eously, G-induced changes in both the behavioral and the
physiologic variable=s, The results have generally been dis- ;
appointing. Indeed, considerabla doubt has been expresssed
by some researchers that the combined physiologic-psychologic
approach has a significant probability of success in the near 3
future. The main reason for this doubt is the complexity, in
H all psychomotor tasks, which makes it difficult (if not impos-
sible) to establish connection between behavioral integrity §
and the integrity of physiologic systems, Howard has stated
that 'alterations in pesrformance cannot, in general, be pre- '}
dicted from the physiological response to acceleration, be-~-
1R cause the ability to carry out a task always depends on the
1 functioning of more than one system' (ref. 37; p. 652).
| Other authors, such as Chambers (14), have stressed that
previous research has shown the difficulty of predicting the
acceleration thresholds for a performance drop on the basis
of those for physiologic changes, The ccmmonly employed 7
physiologic indices have not been reliable or sensitive ]
correlates to the subtle changes in human psychomotor effi- ;
ciency -- especially in comparatively complex tasks which )]

e — S
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approximate operational conditions.,

Another reason for this difficulty, of formulating gen- 1
eral principles for the prediction of behavioral change based )
on physiologic change, is that both physiology and behavior
are affected by stress. As pointed out by Hartman (36)
changes in a specific physiologic parameter may be evident as
the G-level is gradually increased; but measurable behavioral
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‘changes may not cccur until a2 relatively high G-level has
been reached -- at which time the performance deacrement may
be sudden and dramatic."

We have selected the second approach which advocates that the
importance of an acceler: :ion effect can be best evaluated through
production of the effect itself within a simulation of the task in
which the effect is normally experienced. The Air Force Human
Resources Laboratory (HRL) has commissioned the study reported on
herein as a step toward that end, We see the overall approach
being executed in three phases, This study forms the first phase
with an objective of identifying the physiological consequences
of, and stimuli associated with, exposure to the high G regime.

An engineering assessment of the high G physiological effects is
employed with the objective Jf establishing concepts by which
these effects might be introduced in 1g laboratory simulation. We
believe that a greater numbe of devices, thus a greater number of
high G effects can be initially simulated and investigated in a
laboratory environment in which the design of the device may make
certain trespasses on environmental fidelity and pilot imposition
which may not readily be accepted in iine simulation.

The second phase would deal with the desigr,., construction,
installaticn, verification and use of the laboratcry devices set
forth in the study. This would be the critical phase in identi-

- fying the impurtance of acceleration induced physiological effects

as it pertains tu *the pllot tralining effort and it is expected
that the high G simulation augmentation device would be employed
in an otherwise high fidelity task simulation to determine its
effect on pile. performance and mode of control, Comgarison of
pilot simulator performance with and without the benefit of the
high G effect would be mads against the performance ohserved in
the actual task. It is therefore anticipated that either instru-
mented aircraft flight or, where feasible, centrifuge simulation
would be reguired to support the investigation. 1In comparisons of
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this nature the more "favorable" simulation performance, and thus
a neasure of the importance and suitability of tha physiological
effect under examination, would be defined as that which more
closely apnroximates pilot performance and behavior in the actual
task, irrespective of the quality of the performance measured
against any other standard.

The objective of the thiid phase would be to move those high
G augmentation devices found to increase the fidelity of high G
simulation from laboratory configuration to that configuration
acceptable in line simulation. In some cases we would expect the
laboratory configuration to be directly acceptable and little
effort need be expended in the transfer. However there would
likely be other device configurations in which design effort would
be required in an attempt to find a configuration which would be
acceptable to line pilots. It is unfortunate, but entirely pos-
sible, that some of the laboratory devices would demonstrate the
importance of a high G effect but not lead to acceptable line sim-
ulation implementation. .

1,3 Study Objectives

As mentioned above the study phase involves a review and
search of acceleration induced physiological effects which are
likely to alter pilot performance or mission structure as well as
an engineering assessment of concepts which might be employed to
introduce these effects within laboratory simulation. The auth-
ors' backgrounds represent a mix of expertise in physiological re-
search and principles of simulation. Past experience has provided
us with an awareness of the peculiarities of pilot acceptance of
simulation technigues. Therefore the thrust of this study is not
directed at adding to the body of knowledge pertaining to the
physiological effects of high G but rather to cull this body of
knowledge for effects we suspect are important and might be sub-
ject to a form of simuletion,
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This technical report is structured in three basic sections:
(a) high G physiological effects, (b) mechanization concepts by
which some of these effects can be introduced in laboratory simu-
lation, and (¢) an appendix containing a summary of information
from the more pertinent references discovered during the litera-
ture search.

It is apparent that the human physiclogical processes can be
substantially affected by the administration of various chemical
substances, Likewise there are physiological effects, or control
thereof, which might be most directly achieved via invasive tech-
niques. Based on the pontential hazards which exist in both of
these areas, they have been excluded from consideration herein.,

2. LITERATURE SEARCH
2.1 Sources

The literature search supporting this study was two phased,
In the initial phase a search was conducted of the following data

banks employing key words relevant to acceleration induced physio-

logical effects:

A) National Technical Information Service

B) Defense Documentation Center

C) Medlars II

Abstract listings were obtained, reviewed, and pertinent re-
ports ordered. These reports in turn referenced material not ap-
pearing in the initial search. In the second phase second gener-

ation references such as these were made available to us through
the Link Library dealing primarily with DDC. Additional refer-
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ences were obtained through the libraries of the Massachusetts
Institute of Technology and the State University of New York.,

2.2 NTIS Interactive Search Key Words

MIT facilities permitted an interactive search of the NTIS
reference bank. The key words selected (and number of items
tound):

4 ) Group I
Sustained Acceleration (12)

i Long Term Acceleration (1)
] Prolonged Acceleration (21)
Long Acceleration (5)

- Group II i

Acceleration Physiology (562)

Group III ;

Human (15416)
Humans (2979)
Man (4076)
Astronauts (461) :
Pilots (2271) ¥

Grouping

Group II/and/Group III (33)
Group III/and/Group I (53)
Group III/and/Group I/and/Group II (20)
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2,3 DDC Search Rey Words

The DDC search was not conducted in an interactive mode and i
employed the following key words:

‘ Group I

|
i
|
i
!
1
.- . e ‘ 1
e m__wmmwwwh——mxj

1 Acceleration
] Acceleration Tolerance i

Group II

e

Tolerances
Thresholds
Stress
Endurance ‘
Acceleration Tolerance ’
3 Physiological Effect

* Each item from Group II individually was logically "“anded" i
with Group I to form the elements of the subset representing the
product of the search-approximately 250 references.

TR oy

2,4 Medlars II Search Key Words , ' ?

G el e

The MEDLARS data bank contains references pertinent to the
medical field. The key words employed in this search were:

Acceleration/and/Physiology

Arproximately 170 references were cited under this key word i
combination.

-10-
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2,5 Catalog and Revieaw

%. All the abstracts obtained in the foregoing search were re--
| viewed by each of the authors. The references which appeared to

be useful enough to warrant acquisition were ordered and cataloged

e L atia Wl 1

4 ' according to basic topical relevance. This selection process con-
K 3
1 tributed to the 277 references listed in Section 7 which forms the :
[ . . :
bibliography of this study. Table 2-1 demonstrates the topical ap- 3
L plicability of this bibliography. ;
S i
: | Table 2-1 Bibliography topical distribution.
]
% !
& NUMBER OF REFERENCES "
RANK TOPIC SIGNIFICANTLY ADDRESSING :
: LISTED TOPIC i
1 L. 1 ir Cardiovascular Effects n ;
! 2 i Visual Etfects 47 :
} H
it . 3 ' Misc. (Includes Physiological monitoring devices, 40 ;
3 | datauseful to mechanization section herein, etc. : ‘
B i ) 4 - Genenal Physiological ¢ |3
L. 5 | High G Protective Devicas | 25 i
: ! {
6 i Respiratary Effects 2 i
! H
? Lower Body Negative Pressurs 21 K
8 Biomachanical (Static/sustained effects and general | 19
information I b
. [
9 i Biomechanical {Dynamic, Musculoskeletal impedance, l 16 1 3
\ vibration reaction, impact reaction i )
i
10 General Review f High G Origin and Effects W
" Manuai Control Effects ] | i
12 Simulation , 7 E
$
13 Labryinthine 8
14 Tactile 6 ]
15 Environmental Force _Hects ! 5 g
16 Auditory Eftects [ 5 §
#
Naote: Documents with major applicability in mors than ane topic are
included in totsl for sach topic.
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Each author reviewed all the references pertaining to his
area of responsibility and as many of the other references as time
would permit. Annotated bibliography data sheets (presented in
Appendix B of this study) were employed to record particularly
pertinent information from the references. In general, annotated
bibliography sheets were not used in the review of lengthy works
such as text books covering a broad range of physiological infor-

mation.

By contract statement of work we were to be alert specifi-
cally to information relevant to acceleration induced physiologi-
cal effects related to:

a) Head/helmet loading stimuli

b) Shoulder strap tactile stimuli

c) Extremity {(arm) loading stimuli

a) Audition alteration d

e) Visual alteration

Further, lower body negative pressure/upper body positive
pressure was to be investigated for its simulation applicability.
As can be seen in Table 2~1, only minor amounts of information
were discovered in the biomechanical audition and wide field

tactile areas where as the majority of information pertains to the
cardiovascular and visual areas. :
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2.6 Personal Contacts

In addition to the formal literature search using computer
data bases and conventional bibliographic tracing, some extremely

valuable leads were generated by discussions with several outside
specialists regarding work in progress or additional avenues for
exploration. In particular, we received important leads from Dr,
Thomas Duane in the area of plethysmographic goggles, Dr, Kent
Gillingham in consideration of the relationship between G stress
and visual £field using quantitative models, Dr. Dana Rogers in the
modeling of grayout, Dr. Ralph Goldman in the matter of localized
skin heating and cooling, and Dr, Emilio Bizzi in the area of

extremity loading.
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HIGH G PHYSIOLOGICAL EFFECTS

General

This section briefly introduces the physiological effects we

consider to have significance in pilot training. For an extensive
examination of the physiological systems at work during sustained
high G levels and the resulting effects of high G maneuvers upon
these systems, refer to Appendix A.

3.2

Physiological Systems Affected by Excessive G Levaels

THE CIRCULATORY SYSTEM

The circulatory system is severely disturbed by excessive

inertial forces with the most noticeable and gross effects
occurring under increasing positive G,. As +G, increases, the

blood vessels in the legs passively dilate in response to increas-

ing
the
the
The

hydrostatic pressure causing the blood from the upper part of
body to be drained toward the lower extremeties. As a result,
venous return decreases causing a decrease in cardiac output.
upper part of the body doecs no:t receive its required amount of

nourishment. The pilot notices this deficiency by experiencing a
diminution of vision, progressively approaching "blackout" and
ultimately loss of consciousness.

It is believed that -G, causes blood from the lower part of

the body to be drained towards the head producing a full feeling
in the head and pain in the face and eyes. There exist a con-
troversy as to whether or not this phenomenon causes the so called
"redout" (Apperdix A).

The circulatory system is not effected by transverse accelera-

tions. However, visual disturbances have been reported ahove 12
Gy (71). Blurring of vision is not uncommonly experienced at rela-

~14-
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tively high levels of G,. Visual blurring has been attributed to
! lacrimation, the process of tears forming in the eyes disrupting
? the path of incoming light rays, and is also associated with +G,
| effects induced by other physiological phenomena. Thus, the vis-
ual effects of Gy can be generated indirectly by the approaches
suggested for the simulation of the visual G, effects.

EXTREMITIES

Subjected to conditions of +2G,, a person can barely rise
from his seat; +3G, makes it nearly impossible to raise the leg;
+6G, restricts arm movement to head level; +8G, does not allow the
forearm to be raised from a horizontal rest (120, 256). A study
of the mechanization of limb proprioception under high G and of _ ;
some physiological performance findings (Appendix A) suggests é
means to recreate these effects in the lg environment. Based on '
this study, we conclude that actual skeletal segment external é
loading will be required to appropriately generate proprioceptive

L. cuing of environmental acceleration magnitude and to place the
i proper constraints upon manual task performance. ‘ ;

;
i
i
Y
A

0 HEAD/NECK

A review Of the literature has indicated a significant amount
of head and neck motion exist as a result of acceleration (74,
135, 142, 182), Perception and resistance of head movement are of
3 primary interest to the purpose of this study. Perceptual infor-
E: mation relating to head position and movement is supplied pri-
marily by two, possihly three, sensory systems. Besides resisting
the inertial reaction of the head, the head/neck musculature de-
tects external displacement forces. The vestibular apparatus
supplies Information relating to head attitude. It is further
§ believed that the joint receptors may add to the ability of per-
' ceiving head/neck motion.
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AUDITORY EFFECTS

It has been found that there exist a diminution of auditory
acuity at high G levels (42). The occurrence of this is so close
to the point of unconsciousnegs that the two are treated as one

and the same,

Since there exist no degradation in auditory acuity until
unconsciousness is approached, it was of concern that possibly
there might be a need to simulate acoustic characteristics pecu-
liar to the acceleration forces on the airframe. However, no

[ YRR T

evidence of such specific acoustics existing has been found.
Thus, it is the conclusion of this study that no useful training
value can be derived in this area of physiological effects. i 3

TACTILE E

The most important tactile effects of the high G environment
3 are results of touch and pressure sensations. We are concerned

with mainly three tactile effects; perception and magnitude dis- 1
crimination of large field flesh pressure, perception of light ?
| contact of the skin with foreign objects providing an appreciation
of the magnitude of inertial load by estimation of body tissue
deformation, and perception of the magnitude of skin tension

‘ and/or outright scrubbing induced in those areas restrained by or

supporting a foreign body. 5

The literature search revealed a paucity of data concerning ‘ |

these physiological tactile effects occurring under G loading.
However, K the effects of tactile s;imuli on the piloting task must
be considered important until proven otherwise, !

TEMPERATURE/PRESSURE : !

It has been found that there exists a sensory relationship
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between pressure and temperature perceptions. Because of the
difficulty of producing pressure stimuli in the lg environment .
within safety limitations, temperature will be considered as a
means to produce and/or strengthen pressure sensation.

RESPIRATION

The effects of acceleration upon respiration is most dis-

. turbing under the conditions of +Gy and +G;. As a result of

pulmonary shunting associated with pooling of blood in the lower
regions of the pulmonary circulation and filling of the upper
parts of the lung with air under +G, conditions, there is a
decrease in oxygen transport, inspiration becomes difficult, and
there is a reported tendency for the breath to be held during
inspiration. Under +5 and +6Gy conditions, difficulty of
breathing and chest tightness producing much pain are reported.
As the G level increases approaching +12Gy, the breathing
difficulty and chest pain become severe and gas exchange is
inefficient to the point of producing hypoxia.

Negative pressure breathing appears to have nearly identical
effects on lung mechanics as does forward acceleration, and conse-
quently is considered as a high G augmentation concept. Another
approach is to reduce the oxygen content of the inspired air on a
breath by breath basis.

-17-
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4. MECHANIZATION

4,1 General

During the literature search suppnrting the High G physio-~
logical effects discussion presented in Appendix A, the authdrs
searched for information concerning the methods by which a desired
physiological effect might be generated in a laboratory simulation
environment. Careful attention was paid to investigating whether:

a) A suitable device or concept had been postulated by
others and, if so, evaluating its applicability to this

program,

b) A by product of an unrelated activity might form a means
of generating a physiological response sought herein,

c) A direct address of the physiological system monitoring
or sensing the high G effect would form the most favor-
able approach in view of encumbrances and side effects
resident in the direct approach device.

Ea 1 of the ahove considerations has yielded concepts or de-
vices included within the mechanization section. For instance the
Nationai Aercnautics and Space Administration has already devel-
oped a helmet loader which may be suitable for use in part of this
program. Duane's (63) plethysmographic goggles may form a suit~
able surrogate system to initially evaluate the importance of vis-
ual peripheral and central light loss in the tactical aircraft
training task. It may be economically preferable to employ the
goggles first before committing to the final, and likely expen-
sive, development of a light metering device which directly ad-
dresses the eye's photo sensors and is suitable for line simula-
tion prcduction of high G visual effects.

-18=
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The organization of the mechanization section is closely pat- %
terned after the discussion of high G physiological effects. Aap- :
proaches to stimuli production are advanced in the cardiovascular, 1
musculoskeletal, visual, tactile and respiratory areas. Where pos-

; sible, the authors have carried the conceptual Jdevelopment to ]
sketch level and identified potential hardware component selection
as information supporting the current state-of-the-art feasibility

e mrm o i

of constructing the device, 1In those areas where we have discover-
e that the method by which the device should be driven contains
non-obviocus elements, a development of the presently envisioned
drive scheme is provided.

L T A TR I

4.2 Lower Body Negative Pressure

T I YTy

4.2.1 Background

The application of reduced pressure to various parts of the
3 ' human body has been the subject of investigation for quite some
time, Early studies centered about reduced pressure applied to

B s

1 : relatively small portions of the anatomy sucn as the calf, foot,
hand, etc. Later interest has been focused on leg negative pres-
sure (LNP), where the reduced pressure has been applied to the
total leg, and lower body negative pressure (LBNP), where the area
from the iliac crest to the bottoms of the feet are subjected to

reduced pressure,

The first such experiments were conducted in 1841 by Junod as
reported by Wolthuis (260;., He recommended reduced pressure ap-
plied to small anatomical areas, to effect localized hyperemia,
thereby drawing blood away from diseased organs or areas of the
body. He further noted that the resuitant pooling of blood in the
extremities could induce syncope, which at the time was a satis-

factory state for surgery.

o




In the 1960's LBNP and LNP were the subjects of investigation
for two primary purposes, both related to cardiovascular decondi-
tioning. Aerospace researchers connected with the manned space
program were interested from the point of view of countering the
effects of long periods of weightlessness on circulation. Medical
researchers were also interested in the possible application of
the technique to patients enduring long periods of bed rest.

The application of LBNP to flight simulation was first pro-
posed by Howard (118) in 1976. He theorized that the visual ef-
fects of high G flight could be induced in a flight simulator by
artifically reducing venous return from the legs by LBNP,

Another possible application of LBNP to the traiaing of
pilots of high performance aircraft is in the training of strain-
ing maneuvers such as M1/Ll etc. This concept would address the
concerns of Gillingham (82) with regard to potential blood pres-
sure changes affiliated with practicing Ml or L1 under lg. LBNP
could be employed to maintain the eye level blood pressure at safe
levels.

4,2,2 LBNP Research

As was indicated above, the LBNP research that has been con-
ducted has not been performed with the application to high G simu-
lation as the intention., The research has been directed towards
the previously mentioned applications, hcwever, there is some indi-
cation from these data that, at least in terms of magnitude, the
desired levels can be achieved. Table 4.2,2-1 reproduced from
Wolthuis (260) shows the mean percent change in blcod pressure for
various levels of LBNP recorded by several researchers. These
data are somewhat inconclusive. There are not enough cases at the
various LBNP levels to demonstrate the gradient in blood pressure
as a function of LBNP level. Some of the data were taken by
direct arterial measurement (designated D in Table 4.2.2-1) and
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Table 4.,2.2~1 tean percent chance in blood vressure by
source and for varicus levels of LBXNP
(from wWolthuis (260)),

R Lavwp, mrlg
E 8lo0od Presture Sodrce
{ | -a0 | =50 | -60
systolic i
D* Stevens et al. (81) -
Stevens and Lamo 180 =10 -9 ?
Y Murcay e: al. (57) -2 -5 3
3 t wWolthuis et al. 30} -8 -
r Hoffler et al. 143) <1 - !
% wolthuis et al. (as. in prep.) -9 ]
A Diastolic ]
3 0 Murray et al. (57) +19 +14 5
3 Stevens et al. (31) -3 ?
1 Wolthuis et al. (%0) -1 5
F Hoffler et al. (43) v 6] +7 i
3 wolthuis et al. (ms. in prep.) ‘2 )
p
1 Pulse
{ D Stevens and Lamd (89} -17 ~20 i
- Rowell et al. (73) -40 f
1 Hoffler et al. (43) -2) -32
; wWolthuis et al, (ms., in prep.) -14
3 . P )
y " Mean
4 ? . o] Dowell et al. (21 -6
f i ' Gilbert and Stevens (33) -4
.. Myrray et al. (57) + 4 + 2
Rowell et al. (73) -13
Abboud et al. (1) -1 =11
Stevens et al. (381) -

* D = Jirect arterial measurements; I = indirect Korotkov.

it ol

some were taken by indirect, i.e., Korotkoff sounds (designated I !
in Table 4.2.2-1). The systolic pressure shows a general decrease
with LBNP as expected. However, the diastolic pressure data pro-
duced some rather surprising results; these show either an in-

Er %

crease or a very slight decrease, :

These results were confirmed tc some extent by Musgrave et al
(180). Musgrave found that while systc¢lic pressure dropped signi-
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ficantly (up to 20 mm Hg) the diastolic pressure increased slight-
ly with increase in LBNP (Figure 4.2.,2-1),

140, CONTROL | LBNPOR70°TILT |  RECOVERY

130

LBNP 20

1204 |
I
8LOOD |
PRESSURE |
(mm Mg) |
90 ‘ !
| l
80 | |
l |
70 @W .
| I
'l | .k 2 I 2 -
0 L] 10 15 20 25 30 3 40
TIME (MIN)
Figure 4.2.2-1 Comparison of the effects of 15 minutes

of LBNP at 20, 40 and 60 mm Hg, and
a tilt at 60° on blood pressure (from
Musgrave (180)).

, Wolthuis et al (260) also report a general reduction in pulse
B pressure with LBNP, The mean blood pressure data are influenced
by the diastolic results and are therefore of questionable use

here,

The fact that the diastolic pressure does not seem to follow
the pattern of the systolic pressure is in itself an interesting
question which was not resolved by this study. This is an area
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where more data are necessary, Montgomery et al (153) add some in-
teresting data to the controversy over diastolic pressure. They
show a sex related difference; males produced similar results to
the previously cited work, while females show a decreasing diastol-
ic pressure with increasing LBNP (Table 4.2.2-2),.

Table 31.2.2=2 Mean physiological responses « S.E,
of men and women during the resum-
bent control period and at peak stress
durinc =20, -410, and =60 mm Ho LBNP
(from Montgomery (177)).

T T ey

b
} pESSe O _
; o wonen
ATia. e - ) T em g = ™oy =R Am Hy A N .- mmow? -3 A N- -5 mm Hy
; KU BA e ) L PR Y I WY U5, 1) Ll a4 ALY (V1) 15,6 (7.1)% 114,7 (10.0)*
ﬁ -
st Ly aem W L) 1 %0 {3,400 Lde (3 b SIS DA LS W 2R ATL3 (2. M 63.5 (5.9)e
1asesi1T alnod jresaare SRL3 LK) = [ TS SR TR 4t RETS RS Wi} S oLe) N 20 88.0 (4.0)¢
E Fille ;ressite L S PO AEFR IR B4 M S AR B3 IS ST B 24 AL S P RTINS PO AR 28,4 (1.9)e 10.3 (1.2)e
m Ha

*3r3na faoant response lifference bDetween mirn ani aoren,
ssranmufrcantly tfifferent Srom preceding LALT stres3 lLawel,

W
etsion,

{. Other sex linked differences are noticeable such as; the sys-

tolic differential pressure 1is greater for women, also the heart
S rates are significantly higher for women. This aspect is not of
,? substantial concern at the present time, but if women do become a
siguificant portion of the pilot population, these differences
would have to be accounted for if LBNP were employed in a simula-
tor. Further indication that the required magnitude of blood
pressure change is achievable with LBNP is that several authors
including Wolthuis et al (260) and Shaw et al (220) report that
syncope has been induced by LBNP,

However, the question that currently does not have an answer
is; does LBNP provide sufficiently high rates of change of blood
pressure to follow a 10g/sec or so aircraft profile? The pre-
sently available data does not provide an answer to this question.
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Looking at the slopes of Figure 4.,2.2-1 there is some hope that '

this may be accomplished. .
Musgrave (180) et al raise an interesting point concerning

the feasibility of using LBNP in a flight simulator to induce the i

cardiovascular effects of high G flight. They state that an in-

crease in LBNP produces a sensation of head up tilt, while a de-

crease in LBNP produces a sensation of head down tilt because of

altered blood flow to or from the head. This phenomenon, while ,

understandable, could cause some interference with motion system ' {

cuing. Further, no research has been done concerning combinations

of LBNP and upper body positive pressure (UBPP),.

4.2.3 LBNP Applications

{

!

Because of the unanswered guestions concerning the applica- E

bility of LBNP to the stimulation of the visual effects of high G ;

flight in a flight simulator, it is the re -mmendation of this é

study that further research be conducted to verify the concept. j

The approach appears promising but the following points must be
addressed:

o Will LBNP provide suitable cardiovascular time response? : i
.
o What is the cause and effect of the diastolic anomaly? {
!i
o] Are the conditions reproilucible? P
3
o Can the safety of the pilot be ensured via non-invasgive !

monitoring techniques?

o Can a suit be designed which permits sufficient mobility
to the pilot?

o] Is the use of Anti-G Suits and LBNP mutually exclusive?

-24-
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o) Are combinations of LBNP,/UBPP and lower body positive
pressure (LBPP) upper body negative pressure (UBNP)
viable concepts?

o} Do the orthostatic effects of LBNP give false cues of
subject attitude and therefore interfere with other
motion cuing devices?

While all these questions must be addressed prior to consider-
ing a device for implementation in a flight simulator there is an
order which is felt should be followed. Also there is a manner in
which the experiments should be run to extract the desired data.

It is suggested that the Air Force engage the services of a
research organization that possesses sufficient physiological re-
sources to conduct these experiments. Further it would be desir-
able to engage an organization skilled in taking cen.rifuge data
and conducting acceleration research directed at determining vis-
uval endpoints. Organizations such as the USAF School of Aerospace
Medicine or the centrifuge facility at the Naval:-Air Development
Center are examples.

EXPERIMENTAL APPARATUS

It is felt that the cardiovascular dynamics under LBNP should
first be established. These experiments should be conducted in a
chamber which would enclose the subject's lower body from just
above the iliac crest. The chamber should permit the subject to
be seated as in an aircraft seat with his feet on simulated rudder
pedals. Figure 4,2,3-1 illustrates a concept for a LBNP chamber.
The chamber is designed in two modules; a lower body module (LBM)
and a torso module (TM). These are designed such that they are
pressure isolated from each other in order that the torso module
may have positive pressure while the lower body module is experi-
encing negative pressure or vice versa, The two modules should be
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FPicure 4.2.3-1 acuum/pressure chamber.

separable such that LBNP experiments can be executed without the
encumberances on the subject of the torso module.

The openings in each of the modules which permit passage of : i ]
body elements (head, arms, torso) must have an adjustable seal. |
Wolthuis (261) presents a design for an adjustable seal that was f
developed for NASA, This seal consists of a three panel iris type lg
: device constructed of 3/4" masonite which close around the body
§ ; protruding from the chamber. The panels form the support for the
rubber sheet that completes the actual air seal. This sheet is 3
11-13 mil thick dental dam material purchased from Hygenic Manu-
facturing Company, Akron, Ohio. Rubber sheets should be employed é
on either side of the panels to provide appropriate seals for both
the positive and negative pressure cases.

~26-
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The chamber itself should be constructed from 3/4" plywood
which has been calculated to provide a safety factor of about nine
in compression. The plywood should be glued and caulked on a’'l
joints to ensure a proper seal. Both torso and lower body mocules
should be designed to separate at the mid-point fore and aft., The
sections should be held together with an adjustable snap lock and
the joints should be edged with a compressible material such that
when the snap _ock is tightened an airtight seal will be formed.

The lower body module shall be constructed with an integral
bench, including a fascia member, all constructed from 3/4 inch
plywood. These joints should also be glued and caulked. A piece
of 3/4" plywood should also be used for the simulated rudder

pedal.

The lower body module should also be fitted with a simulated
side arm control stick on the right side and a simulated throttle
lever, on the left side. These are to provide hand grips and to
permit the evaluation of the effects of muscle tension on the ex-

periments,

The volume of the vacuum/pressure chamber is the sum of the
torso module and the lower body module. The volume of the torso
module is 3.4 cubic feet and the volume of the lower body module
is 21 cubic feet. The maximum rate of change of acceleration in
the airplane can be considered to be 10 g/sec. It must now be de-
termined what flow capacity is required to control the pressure in

the chamber.

Stevens and Lamb (233) state that -80 mm Hg is sufficient to
induce symptoms of impending syncope. They also state that at a
LBNP level of —-80 mm Hg there is a 37% reduction in systolic pres-
sure, Based on the fact that a nominal level for central light
loss is 5g then one might assume that the pre-syncopal episode
occurs at approximately the same blood pressure as central light
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: loss and therefore =80 mm Hg would produce about the same reduc-
? tion in eye level blood pressure as 5g acceleration., The rate of 1
‘ change of pressure in the chamber would then be about =80 mm Hg in ]
! 0.5 sec or 160 mm Hg/sec which is approximately 3.2 psi/sec. These 1
are then the pneumatic criteria for the design of the vacuun sys- :

TR AT o ey

tem,

, Table 4.2,3~1 lists the mean systolic pressure for the sub-
g jects in the Stevens and Lamb (233) experiments, ' é

AP T e

: Table 4.2.3-1 Mean systolic pressure (from Stevens :
i‘ . (233)).
* LENP_(mm Hg) % Reduction i
0 0 é
. -25 12
3 -40 23 :
1 -60 32
%3 -80 37
; N

The control system required for the conduct of these experi- _ |
ments is shown in Figure 4.2.3-2, A compressor unit as well as a _ o
vacuum pumping station are required. The flow to the two modules i
- is controlled by a flow control valve for each module. The flow
ié control valves are driven by a microprocessor which can be program-
E | med with various profiles simulating aircraft acceleration pro-

f% files. The microprocessor should also sequence the solenoid val-
[
£

§
ves. Pressure feedback to the microprocessor is provided by a ! i
pressure transducer associated with each module. The pressure 1
profile could be programmed either with a table lookup technique
or with an analytic expression relating pressure as a function of

time.
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A light bar similar to that used by Rositanc et al (209)
should be employed to investigate the visual effects induced by
The data that are required as results of these experiments
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diagram.

in decreasing order of importance.

o Blood pressure as a function of LBNP level

o} Time response of blood pressure

o Visual acuity as a function of LBNP level

) Visual acuity time response

o Determine the effects of anti-G syit and straining
maneuvers

o Employ all modalities LBNP alone, LBNP and UBPP, UBNP

and LBPP

-29-

LT R VT N TV OIS T

e i ¢




S———

Blood pressure and heart rate should be continuously moni-
tored during these experiments. Non-invasive blood pressure moni-
toring devices are discussed in a following section (4.2.4). It
may be useful to conduct these experiments with both invasive and
non-invasive measuring devices in order to evaluate the effective-~
ness of the non-invasive devices.

PORTABLE LBNP DEVICE

If the results of the experiments are favorable, the next
step would be to construct a LBNP device that could be worn in the
simulator and employing an existing simulator in an attempt to as-

certain
o If the motion and LBNP cues conflict
o) If there are any artifacts due to LBNP
o If so, what are their effects?
o If the device is suitable for use in a si;ulator

A possible design of a portable LBNP device is shown in Fig-
ure 4,2,.3-3. Four pressure vessels are required one enclosing
each leg (leggings), one enclosing the lower torso (lower torso
girdle) and one enclosing the upper torso (upper torso vest). The
pressure vessels are to be of rigid or stiffened construction with
articulated joints to provide mobility. These vessels must be
able to support a pressure differential of at least 2 psi (there
does not appear to be a differential difficulty of joint movement
at high and low pressures with AP = 2 psi), the pilot must be
able to fly the simulated aircraft while in this device and there
should be consideration given to the possibility of heat genera-
tion inside the suit, Further, the system must not interfere with
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G-seat operation. Consideration must also be given to the visual
and tactical environmental fidelity loss due to this device.

A possible vendor for the LBNP device is the David Clark Com-

pany of Worcester, Mass. They have experience in pressure suits

and space suits. They also built a collapsible LBNP for Cooper

and Ord (51) for their LBNP experiments.

USE OF LBNP FOR M1/L1 MANEUVER TRAINING

It is well known that the M1/Ll maneuvers provide significant
relief from the effects of high sustained/rapid onset accelera-
tions (section A.2 of this report). However there may be problems
associated with practicing these maneuvers in a one G environment,
Dr, Gillingham of USAF School of Aerospace Medicine (82) states
that a properly performed Ml/Ll maneuver will raise the eye level
blood pressure by 100 to 150 mm Hg. This, Gillingham believes, is
an unacceptable risk. As was indicated previously, a possible ap-
plication of LBNP is suggested by these facts. As reported by
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Stevens and Lamb (233), a better than 50 mm Hg drop in systolic
pressure was observed with the application of -80 mm Hg LBNP,
This would seem to alleviate most of the concern Giilingham has
expressed if pilots were to train in an LBNP device for the Ml/Ll
maneuvers. This has an obvious cost advantage over training in
the centrifuge, Also, one of these devices could be provided at
each USAF base, thereby eliminating the need for travel to a
centrifuge for this training. It is suggested that the feasi-
bility of this approach be verified as part of the research
recommended herein.

CONCLUSIONS

Since insufficient data on the time response of blood pres-
sure to LBNP and since no data directly applying this technique to
the problem addressed here is available, it is recommended that
regsearch be conducted to ascertain the viability of this approach.
Hardware required was specified. A possible mechanization for
line simulation use was also presented. Finally, an additional
use of LBNP was suggested for the training of pilots in the proper
execution of the Ml1/Ll1l maneuvers,

4.2.4 Non-lnvasive Cardiovascular Monitors

During exposure to LBNP it is necessary to monitor the sub-
jects cardiovascular conditien (particularly blood pressure) con-
tinuously. There are two reasons for this; the first is to ensure
subject safety and the second to provide feedback for the control
of vacuum in *h:- _3NP rice., For the research phase, it would be
possible to employ iuvasive techniques. However, in either appli-
cation directed to training pilots, either in a flight simulator
or in the Ml/Ll trainins device, it would be extremely undesirable
and indeed perhaps imp~ .ble in some instances to resort to inva-
sive techniques. Therefore, it is relevant to this study that
non-invasive techniques be investigated. A device must be found
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to monitor automatically, continuously and non-invasively the
blood pressure of the subjects in the LBNP research apparatus, in
the simulator LBNP device, and the Ml/Ll training device.

AUSCULATORY BLOOD PRESSURE TECHNIQUES

The most common method for measuring human blood pressure in-
directly is the ausculatory method proposed by Korotkoff in 1905,
This technique employs a sphygmomanometer and relies on the inter-
pretation of the Korotkoff sounds and relating them to a pressure
reading on a mercury manometer. The ausculatory method can be
automated. Nolte (130) reports on a device designed by Martin
Marietta Co., Denver, for use on the Skylab flights. Figure
4.2.4-1 illustrates the system. There are several of these de-
vices available such as one reported on by Fernandez and Robinson
(68) and another described by Cromwell et al (53) and manufactured
by Narco Biosystems Inc.,, Houston. In general these systems all
have automatic cuff inflators, pressure transducers and signal
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processing equipment to identify automatically the Korotkoff
sounds and correlate a cuff pressure reading with it. The Narco
unit does not have signal processing electronics.

While the ausculatory method has merit in that it provides
reasonably accurate results, it has some drawbacks, the major draw-
back being that these devices are not truly continuous siace they
can be sampled only once every 30 seconds or so. The reason for
this as stated by Geddes (76) is that the cuff deflation rate
should be 2-3 mm Hg/sec to prevent venous conjestion in the distal

bed.

Another disadvantage to the ausculatory technique is that the
presence of an inflating/deflating cuff would be a distracting
artifact to the pilot,

ULTRASONIC BLOOD PRESSURE MEASUREMENTS

One method of monitoring blood pressure ultrasonically is
similar to the ausculatory method described above. However, the
interpretation of Korotkoff sounds is replaced by the Doppler
shift of the transmitted ultrasonic frequency. This shift is
proportional to the arterial wall velocity which gives information
to identify the instant that the vessel opens and closes. This
method also employs a pneumatic cuff and is therefore subject to
the same restrictions as the ausculatory. A device employing this
technigue is marketed by the Roche Medical Electronics Division of
Hoffmann~La Roche Inc., Cranbury, N. J. It is marketed under the
trademark Arteriosonde.

Another ultrasonic technique employed is the use of a ultra-
sonic signal to determine the velocity of blood flow in an artery.
The Doppler shift of the signal reflected from the moving red
cells is proportional to the velocity of the blood flowing in the
artery. This method may also be used with a cuff and provides the
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same information as the arteriosonde except the diastolic pressure
may be more inaccurate and is subject to the same limitations. A
device of this type is manufactured by Parks Electronics Lab.,
Beaverton, Oregon and is called an Ultrasonic Doppler Flow Detec-
tor, Model 811,

e G il o i it
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The Doppler flow velocity may possibly be used to directly :

; determine blood pressure. If it can be assumed that the vascular :

E resistance is constant for some small length of artery and for a
given person then the relation

e bt de st

AP
V = = [Eq- 4.2.4-11

R

should hold; where V is blood velocity, R is vascular resistance,
and AP is pressure change, Therefore blood pressure may be con-
sidered proportional to velocity. While this method is not very
i accurate, if each subject is calibrated it may be sufficient for
monitoring purposes during LBNP in a training device. But, it
would not be adequate if any quantitative measure is required.
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PULSE WAVE VELOCITY

Pulse wave velocity is a measure of the velocity of the pulse
wave as the pulsatile pressure wave of blood courses through the
E ' vascular system. The pulse wave is detected at two points, for
h ' example, the brachial artery and the radial artery, then knowing
the distance between the points and the transit time of the pulse _
wave, the velocity may be computed. The proponents of this tech- %;
nigque claim that blood pressure may be inferred from the velocity éi
if the subject is calibrated. 1In 1976 Geddes (76) was skeptical 3
of the claims of the proponents of pulse wave velocity primarily e
because, at that point in time, no reliable means for detecting
the pulse wave had been developed. Today, however, it appears
that the detection problem may have been solved. The Cyborg Corp.
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of Boston, Mass. has developed a pulse wave velocity monitor which
employs a displacement transducer applied over an artery close to
the surface to detect the passage of the pulse wave, Cyborg
claims a -0.913 to -0.98 linear correlation with blood pressure

measured by cuff or cannula,

The disadvantage to this device is that it is highly subject
to artifact due to movement. The processor has an artifact de-
tection algorithm and suppresses the output at that time. Cyborg
claims to be presently developing a system which will be less sub-
ject to artifact, It uses the output of a ECG sensor placed on
the radial artery together with a displacement transducer located
at another artery. This may have merit since the other sensor
could be placed on the temporal artery and eye level blood pres-
sure could be monitored, This sensor may be subject to artifact

due to jaw movement such as talking.

EAR OXIMETRY

An ear oximeter is a photoelectric device for measuring the
0, saturation of the blood in the ear or the amount of blood in
the vessels of the ear, The former uses red light at 64.0 mu and
the latter infrared at 800 mu. Although this technique will not
provide blood pressure directly, the amount of blood in the ear is
a good indicator of cardiovascular performance and may be used as
an indicator of LBNP effectiveness. Geddes and Baker discuss this

technique at some length (77).

This may be the best technique which could be employed to
monitor blood pressure in a flight simulator or M1/Ll training
device during LBNP, The most difficult aspect may be to gain ac-
ceptance of pilots having the sensor attached to their ears.
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PLETHYSMOGRAPHY

Plethysmography is the measurement of blood volume by measur-
ing pressure changes in a pressurized chamber surrounding a limb
of interest. The instrument, described by Cromwell et al (53)
ugses electrical sensors to measure changes in impedance as an in-
dicator of volume changes., This technique is not very accurate in
terms of absolute magnitude. However, it is quite good in terms
of measuring changes in volume., This technigque might be more ac-
ceptable to pilots than the pneumatic plethysmographs since it has

fewer encumberances.

HEART RATE MONITORS

Monitoring heart rate indirectly is a much simpler problem to
solve than that of monitoring blood pressure., Indeed, there are
many devices on the market which serve quite nicely. Mennen
Grealbatch Inc. of Clarence, New York, NARCO Bio-Systems Inc. of
Houston, Texas and Cyborg Inc. of Boston, Mass, are three compan-
ies that manufacture devices that would be quite suitable for the
intended application. The device would be used to monitor heart
rate during LBNP episodes either in the flight simulator, the
Ml/Ll training device or the LBNP research device.

Some of these devices are stand-alone heart rate monitors:;
others are a by-product of other measuring devices such as ECG or

pulse wave velocity.

CONCLUSIONS

As yet the state of the art has not advanced to the point oFf
providing suitable unencumbering devices, free from artifact, as
accurate as direct measurement techniques which provide continuous
monitoring of blood pressure in a flight simulator or a M1l/Ll
training device. Among the most promising of these apparatus for
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the aforementioned applications are ear oximetry, pulse wave velo-
city and impedance plethysmography, not necessarily in that order.
It is worthwhile to note that Miller (173) provides a comprehen-

sive survey and annotated bibliography of non-invasive physiologic

measurement techniques.,

4.3 High G Visual Effects Generation

4,3,1 Ceneral

In the high G environment the most often reported, the most
thoroughly documented, the most exhaustively studied phenomenon is
that of diminution of visual acuity. The physiological basis for
these effects is discussed in section A.3 of this report. As is
described in section A.2 of this report, the cardiovascular stress
induced by high G flight is the primary source of all visual ef-
fects. The emphasis of this study is on the visual effects and
their causes. The reason for this emphasis is because of the high
degree of importance that this effect has on the pilot's per-
formance., During air-to~air combat, with degraded peripheral
vision a pilot may not see an attacking aircraft. Obviously, if
the pilot blacks out (loss of central lights) during a high G
maneuver, serious problems to his safety will occur. If these
effects are not present in the simulator, the pilot will employ
maneuvers which would not be possible in the actual aircraft.

The following subsections deal with means to implement these
effects. Three general approaches are discussed. One employs the
principles of ophthalmodynamometry to develop a set of plethysmo-
graphic goggles. These goggles would effectively artificially
raise the intraocular pressure until it is greater than the eye
level arterial pressure, thereby inducing the same effects as a
lowering of the eye level arterial pressure below intraocular
pressure as is the case in the aircraft under high +Gg.
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A second approach uses liquid crystal technology to develop a
helmet visor with the capability of selective variation of trans-
mission of light. This technique would attempt to imitate the
visual effects by altering the transmissibility of the visor by
controlling the liquid crystal elements within the visor.

The third means of simulating the visual effects is to se-
lectively attenuate the visual scene and the instruments' lighting

i

1

i

to attempt to reproduce the effects of tunnel vision. All three :
of these techniques require an algorithm to provide the drive i
E]

!

signals for each system consistent with the acceleration environ-
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ment. In section A.3 a sophisticated model of the visual effects
of high +Gz is postulated with some missing elements.

In this section a simplified algorithm is presented which :
provides for immediate implementation. The basic algorithm ap- §
plies to all three systems,

In crder to account for pilot eye movement, an oculometer is
suggested to Jetermine the pilot's line-of-sight thereby permit- :
ting a centering of the reduced acuity areas about the foveal ]
view, b

It is recommended that a set of plethysmographic goggles be
evaluated along with an integrated system comprising an oculometer |
and visual system/instrument dimming all being controlled by the f

simplified algorithm. It is further recommended that this evalua-

tion be conducted on the SAAC because of its wide field of view

visual system, its six-degree-of-freedom motion system, its 3
G-Seat, its Anti-G Suit simulation, its provision for air-to-air
combat simulation and because contractor personnel are available ?

to provide implementation.

The liquid crystal visor is recommended for phased develop-
ment and evaluation.
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4.,3.2 Oculometer

As has been previously mentioned, the most important high G

effect is the diminution of the cone of vision with increasing

¢ +Gz. In order to prcperly align the "tunnel", it is necessary to

know in which direction the pilot is looking, i.e., his line of
If the pilot's instantaneous line of sight )

sight must be known.
is not known and the center of the cone of vision is chosen arbi-

trarily, say along X-body axis of the aircraft and if the pilot
happens to be looking out along the T-body axis of the airplane,
the tunnel will be 90° from the pilot's line of sight and will

S e g L L

appear artificial.

To determine the pilot's line of sight an oculometer has been
chosen, This device will provide the X and Y coordinates of the
line of sight intersection with the plane of interest, such as the i
instrument panel or the display screen. The principles of opera-

{ tion of the oculometer are; a source of infrared light illuminates i
? the eye, some of this light is reflected by the cornea and some i
? passes through the pupil and is reflected by the retina and effect-
ively backlights the pupil. This light is then sensed by a vidi-
con which passes a video signal to a signal processor which com-
putes the relative displacement Of the corneal reflection relative : ,
to the center of the pupil. The signal processor is a mini-com- b
puter with two specialized circuit boards.
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Previously available oculometers have restricted head move-
ment first in a one inch cube and then eventually to a one foot
cube. The pilot of a simulator for a high performance aircraft @
requires unrestricted head movement thereby precluding the use of :
a device of this type. Middleton et al (171) describe the use and
principles of operation of a state-of-the-art oculometer,

N ik st

The Honeywell Company, Avionics Division located in Minneapo-
lis is presently developing a helmet mounted oculometer which
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should be available in 1979, An oculometer has been used in many

different eye movement studies and has proved to be a useful

device in locating the line of sight in space. The area that
requires further study is the time lags inherent in the system,
This data won't be available until a helmet mounted system is
built and integrated into a flight simulator and tested,

If these lags are excessive when the pilot moves his head he
' would notice the "tunnel" disappear and then reappear at a new
A e location., This would be a distracting artifact and could com-
( promise the training value.

The oculometer could be used to determine the line-~of-sight
‘ for selective dimming of the flight instruments and the visual
-y scene. It can also be used in the variable transparency visor
application described in section 4.,3.5.

It is recommended that the helmet mounted oculometer pre-
" sently under development by the Honeywell Corporation be purchased
and tested on the SAAC as part of the system outlined in section
-~ 4,3,1. During this testing the time lag questions can be

S answered.

1 N 4,3.3 Simplified High G Visual Acuity Model

The high G literature assigns importance to, and dwells ex~

tensively on, G induced visual effects because of, we suspect, the
overt noticability of the effects coupled with the fact that
significant disruption or loss of vision effectively poses a bar
preventing further positive pilot contribution to his required
tasks. Vogl (246) points out that in flight simulation, it is im-
portant to teach a pilot those regions of the flight envelope not
accessible to him physiologically., Vogl uses the discomfiture of

the G-suit as an example of means to limit the pilot to phyvsio-
logically accessible portions of the flight envelope. A parallel
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argument can be made for the importance of including high G visual
disruption within tactical aircraft simulation, for it's presence
forces the pilot to recognize his physiological limitations and

the impact these limitations pose on his mission performance vis-a-
vis his control strategy and skill level,

In section A.3.1 of this study, the structure of a model de- j
: fining visual perception degradation as a consequence of exposure - '
j to high G, conditions is presented. The model parallels that
suggested by Rogers and Quam (206) and employs G induced change in
blood pressure as its primary drive parameter, At present the
model lacks data specifying the very important relation between
localized retinal hypoxia and acuity. It is expected that effort
will continue to develop missing data in a context useful to this
model and eventually the blood pressure model will form the basis
for altering simulator visual effects in response to high G con-
ditions. However in the interim, because of the apparent impor- :
tance of the visual disruption, a simplified surrogate model is
required for the purposes of developing visual disruption tecnh-
niques as well as providing a basis for initial evaluation of the
credibility and importance of the effect. This section presents a
model the authors have developed to serve this purpose. It is
:i presented in flow chart form and is directly suitable for implemen-
tation within digital computational simulation. A definition of
symbols employed immediately follows the model flow chart.

o ey il il i et

As is the case in some of the other simulator models devel-
oped to approximate high G visual effects, the model developed
herein is structured in the context of G magnitude as opposed to |y
blood pressure change, Salient features which may be somewhat !

5 T

different however are:

1) Rather than strict sole dependance upon a threshold G
level for producing the visual disruption, the model
employs both G level and onset G rate as Stoll's data ‘ ]

]
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(234) suggests in order to establish the dynamics of the
ensuing visual disruption.

2) The G level above which visual disruption eventually
will occur is permitted to vary as advocated by Rogers
and Quam (206) bpased on G-suit operation and M1/Ll man-
euver execution,

3) A reduction in foveal acuity is scheduled to occur at G
levels below that producing peripheral 4dimming as sug-
gested by Haines (107) and the data produced by White
(258).

The model is structured to provide outputs to control simula-
tor visual display systems. Cockpit instrument illumination,
and/or an area of interest variable transparency visor is dis-
cussed elsewhere in Section 4 of this study. Inputs are accepted
from these simulator subsystems as well as the flight dynamics
model, the G-suit system, and an EMG device used to moni. . the
subject's execution of M1/Ll1l maneuvers, .

Basically the model will command a reduction in either con-
trast ratio or, less preferably, illumination level, of low light
level sources over the total expanse of the visual system and/or
visor. This change will occur in linear relation to G, acceler-
ation when the Gz level ranges between 1.85 g's (derived from 258)
and that level which will eventually produce peripheral light
loss, Contrast ratio change is preferred because, although data
demonstrates a reduction in acuity in these circumstances, it does
not seem to be subjectively perceived as a light level dimming in
the same sense as peripheral light loss. The contrast ratio of
the cockpit scene, on the other hand, can be altered only by
varying the illumination level of the low light level instruments.
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Operation above that G, level which eventually produces peri-
pheral light loss (termed GgriT herein) triggers the sequential
collapse of two te;minators inward toward the center of the visual
binocular FOV, The rate of collapse is established by the G,
onset rate extant below GporrT as modified by the current G, margin
above Gppyr and has been derived from Stoll (234) data. The FOV
dynamics produced by the derivation show good agreement with
Rositano's experimentation (209) but less favorable agreement with
McNaughten's 13° reclined seat centrifuge experience (87). The
McNaughten run demonstrates an inexplicably high rate of FOV clo-
sure. The run also produced a rather precipitous entry to uncon-
sciousness without passage through an identifiable blackout period
and therefore may not form a reasonable comparison.

Both the Rositano (209) and Gillingham (87) work record FOV
remaining and G level on x-t strip chart recordings which demon-
strate a FOV closure profile with characteristics tending toward
second order response, The model herein employs a two segment
straight line approximation to the response., The first segment is
used between the onset and completion of peripheral light loss and
the second segment between complete peripheral light loss and com-
pletion of central light loss or total "blackout". A number of
references comment on the comparative rapidity of FOV expansion
upon return to lower G levels. Using the above mentioned strip
chart recordings, a two second duration linear FOV expansion pro-
file was selected for incorporation in the model.

The two terminators employed within this model form concen-
tric circles in the binocular field of view and define a band be-
tween terminators. The inner terminator is called the "distur-
bance terminator" which defines, at any instant in time, an in-
cluded circular area in which no visual disruption occurs due to
Gz levels above the Ggorrr value. The outer terminator, called the
"blackness terminator", describes an external area in which total
light suppression is scheduled, Progressive contrast reduction
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and subsequent illumination reduction occur radially within the
annular area between terminators as described in Section 4.3.6.
The width of the annular, or grayout, area is not defined in the
literature reviewed and consequently is established within the
model as a constant, Kganp, subject to alteration. The model is
responsible for maintaining a definition of the conical angles
associated with both terminators and providing this information to
the simulator visual, visor, and instrument subsystems where it
can be merged with the oculometer data defining the direction of
the subject's line of sight such that the appropriatz visual
effect can be properly positioned.

o

T T T W

e

The terminators are both stored outside the binocular FOV,
horizontally 95° (103), during lg conditions. The terminators are
. held here until the Gz level surpasses the current value of GgriT,
Eé . or that level which eventually would produce peripheral light
loss, at which time the terminators are permitted to collapse
@ N inward. The rate of collapse will carry the blackness terminator
B to the position defined for complete peripheral light loss, nom-
inally set herein at 8°, over a duration commensurate with the

R SN Y o

data., The disturbance terminator and grayout area precede the
blackness terminator into the shrinking field of view and hold at
the point of periphesral light loss while the blackness terminator
"catches up" causing the grayout band to disappear, replaced by 3
total light suppression. Once the blackness terminator reaches ;
the peripheral light loss point, a new rate of closure is computed
causing the remaining central FOV to collapse to total blackout
over two seconds (234). The disturbance terminator and grayout
band do not precede the blackness terminator in the central light

loss phase.

The model will cause total light loss to remain until the G,
level is either lowered to the GgoprrT level or conversely the Ggrrr
level is raised, by subject Ml maneuver execution, above the cur-
rent G, level. Both terminators rapidly expand outwards under ]
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these conditions however the disturbance terminator delays long
enough to reestablish the grayout band. Terminator direction
reversal can occur at any point in the collapse or expansion
sweep; conseguently, a subject, by carefully controlling his G
level and Ml executinn, should be able to exercise some control
over the penetration of the grayout band into his field of view,

The model advanced herein employs circular terminators. How-
ever, the binocular field of view is elliptical in shape (103).
Gillingham (87) provides some interesting figures (see Figure
A.3.1-2) depicting the shape of the field of view during collapse
which suggests that this elliptical shape is at least preserved,
and perhaps accentuated, during high G visual light loss. Once
provided terminator positional definition in the context of cir-
cles, it is a fairly routine step to convert this information to
elliptical form. However, this step must be undertaken by the
using simulator subsystem in that the required conversion is a
function of locativa along major and minor axes.

Although the flow chart of the model is liberally annotated
to provide ease of understanding its mechanization, additional
comment is worthwhile in some areas located by the numerical index
provided to the left of the flow chart. At index #2 the critical
Gy level which will eventually produce peripheral light loss is
computed. The critical level is considered to be the sum of a
basic G level, the protection offered by inoperative and operative
G-suit, and the further protection offered by execution of the
M1/Ll maneuvers. The basic resistance level of a subject includ-
ing involuntary cardiovascular compensation is taken as 3 g's and
appears to be frequently cited in the literature and the data sup-
porting this literature. The incremental protection of an inoper-
ative and operative G-suit is drawn from Burton (34) and the full
measure of incremental protection afforded by proper execution of :
the Ml maneuver is taken from Gillingham (86). Increased fidelity
would be obtained by using a continuous rather than discrete func-

|
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tion for the Ml protection. The modifiers converting discrete to
continuous form can be derived from Rogers and Quam (206) and
probably could take the form of passing the discrete signal
through a first order lag network augmented with fixed decay.

Acuity reduction at levels below the Ggorrr value are computed
for visual display system, instruments, and/or visor between index
#6 and #18. The key expression used herein is found at index #8
where an effective target (foveal view) illumination level reduc-
tion, derived by cross plotting data provided by White (258), is
implemented, The reduction in effective illumination level is
employed, where possible, to alter contrast ratio where contrast

ratio is defined as:

Target Illumination - Background Illumination

CR =
Background Illumination

and the value of background illumination is considered to remain

constant,

As pointed out by White (258), the significance of this ef-
fect tends to zero as the target illumination approaches the 42 mL
level used in his dial reading experiments. <Consequently, the
model requires illumination level as an input and linearly reduces
acuity degradation as a function of increasing illumination level.
Most simulator visual display systems render daylight scenes at
illumination levels below 42 mL. Consequently a philosophical
decision must be made concerning whether the simulated visual
scene illumination level should be applied as input to the model
as opposed to the actual illumination level available from the
visual display system. In the case of cockpit instruments, refer-
ence to U.S. Government and industry specifications governing in-
strument lighting (78, 172) indicates that instrument illumination
in the 1-5 mL range is to be expected and therefore lies in the
range of interest.
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Index #21 and #22 establish the dynamics of the ensuing FOV
collapse based on the average rate of application of G, up to the
Gerim level. The time of collapse is appropriately shortened for
Gy levels above the Gerrr level., The expression at index #21 is
an approximation to the data provided by Stoll (234). By holding
Gz slightly above Ggcrims total peripheral light loss will even-
tually occur. If G falls slightly below Gorir, the inward bound
terminators will reverse direction and enter expansion. Should Gj
again rise above Ggorrr a new time for complete peripheral light
loss is computed and the outward bound terminators will reverse
and begin to collapse according to the newly computed duration for

collapse,

Terminator position, an arc measurement between line of sight
and the specific terminator, is computed at index numbers 26, 28,
30, 36, and 38, and output to the user subsystems. The discussion
in Section 4.3.6 treats the disturbance terminator position as R}
and blackness terminator position as Rj.
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SIMPLIFIED HIGH G VISUAL ACUITY MODEL

: CONSTANTS SYMBOL DEFINITION
ANGpr,r, Angular measure of field of view (measured ;

from center of FOV) considered to exist at
s complete peripheral light loss (deg.).
Nominal value = 8°,

GONSET G, level beyond which a significant accel- . i
eration onset is considered to be in process ‘ ‘7 A
(g's). Nominal value = 1,25 g's, L '

AT AR D T e, T e

KBAND Visual peripheral angle subtended between
: non~disrupted vision and complete light loss
{ (deg.). Nominal value = 20°, | N

Gy acceleration level for the onset of
lacrimal blurring (g's). Nominal value = 6,0

g's.

N
2
N
4
i
i
i
;
o
i@
i

Gy acceleration level for full blurring effect

R
>4

(g's). Nominal value = 12,0 g's.

Q Quadrature interval of the digital simulation.

Reciprocal of software iteration rate

(seconds). Nominal value = same as emploved
in flight equations of moticn software but not
less than 1/20 sec.

[P PRI W TN TSR ) oL

Discrete flag = 1 when high G visor is to be
employed for high G visual effects.




R A

VARIABLES
AﬁGBT Rate of collapse and expansion of visual FOV 1
under high G, conditions (Deg/S). }
!
il ANGgT Angular measure of FOV (measure from center of
_ FOV) subtended by the leading edge of visual 3
; disturbance (degq.). ;
a
| ANGpp Disturbance terminator., ;
%‘ DF Percent defocusing (or dynamic scattering) 5
i uniformly applied across FOV for blurring ef- ;
3 fect (%). |
E ‘. GCRIT Gz acceleration plateau at/or above which g
é! . eventual peripheral light loss will occur j
i (g's).
1] ‘
i ?' GrIME Elapsed time between the onset of a signifi-
o cant G, acceleration and occurrence of GCRIT j
e conditions (seconds).
Gy Acceleration level meas:red along the X ;

physiological axis (g's,;.

e e TR TS e T A e

Acceleration level measured along the 2
physiological axis (g°s!.

Cockpit irnstrument illumination level altered
for G, effacts below the Geryr level (mL).

Cockpit instrument illumination level dis- ]
counting G, eff« >t alteration (mL).

P AT T ey vy, 5.
b —.




TCRIT

TNORM

TpLL

TTG

Reduction in visual display system contrast
ratio due to G, effects below the Ggogrrm level

(%)u

Cockpit instrument illumination attenuation
factor due to G, effects below the Geppr level
(non-dim),

Visual display system illumination attenuation
factor due to G; below the Gogrpm level
(non=-dim),

Visor transmittance attenuation factor due to
G, effects below the Gppyp level (non-dim).

Reduction in visor contrast ratio due to G,
effects below the GeogryT level (%),

Effective target illumination attenuation due
to G; effects below the GgogryT level (non-dim).

Elapsed time G, above Ggrrp level (seconds).

Visor transmittance altered for G, effects
below the Gegrip level (%).

Visor transmittance discounting G, effect
alteration (%).

Time between G, broaching GgepriT and eventual
complete peripheral light loss (seconds).

Time to go to complete peripheral light loss
(seconds) .
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Visual display system illumination level
altered for G, effects below the Gggrrp level
(mL).

Visual display system illumination level dis-
counting G, effect alteration (mL).
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4.3.4 Ophthalmodynamometry: Plethysmographic Goggles

4.3.4.1 Introduction

It has been well established, as reviewed in section A.3.1,
that the visual effects of grayout and blackout associated with
+G; acceleration are attributable to a drop in eye level arterial
pressure, It has been further established that when pressure in
the retinal arteries drops to below intraocular pressure (Pj)
visual impairment results in a matter of a few seconds, It re-
mained for a series of excellent experiments using ophthalmo-~
dynamometry, which artificially raised the intraocular pressure to
reach or exceed that of the retinal artery, in order to demon-
strate that the visual effects under both +G; and increased Pj
were identical, and that each was attributable to the original
collapse of the retinal circulation - first in the temporal
retinal area and then the nasal retinal area, and finally in the
last "island of vision" corresponding to a retinal location be-
tween the macula and the optic disc. The physiological explan-
ation for the pattern of monocular visual field loss is believed
to lie within the retina. Dividing the retina into two portions
(temporal and nasal), fifty percent more retina lay temporal to
the optic disc than nasal. Therefore, the temporal arterioles
have considerably more distance and more tissue to nourish than
the nasal arterioles. Also, there does not appear to be any in-
creased vascular network temporally to compens.te for nourishment
in this larger area. Hence, monocular visual field loss would be
experienced earliest in the temporal retina producing a nasal
field loss (62), followed by nasal retinal ischemia producing a
temporal field loss. Duane (62) points out this monocular effect
may not be overly apparent because most studies are conducted us-
ing binocular vision. Likewise, we note that the visual distur-
bance associated with high G conditions is predominantly experi-
enced under binocular conditions. The above disturbances origin-
ate both in the temporal and nasal sections of the retina external
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to the macula (fixation or foveal area) and binocularly material-~
ize as disruptions of the peripheral field of view,

As will be discussed below, all of the visual effects asso-

ciated with +G, can be reproduced in a one G field using ple-
thysmographic goggles - which artificially raise P; by applying
t greater than ambient pressure air to the eye ball., Experiments
E ' with such goggles and centrifuge accelerations have been able to
; demonstrate conclusively the anatomical site of the visual phen-
omenon of grayout and blackout.

i
]
]
i
i

4.3.4.2 Similarities Between Effects of Acceleration and of
E Plethysmographic Goggles

1 Andina (81) is usually credited with the earliest explanation
€§ ; of acceleration grayout in terms of the effect of the hydrostatic

“ pressure drop on the retinal circulation. Lambert, in a brief re- ¢
E' ) port in 1945, was the first to demonstrate directly that the phys- ;
S iological basis of acceleration blackout could be explained and j
E* - mimicked by raising intraocular pressure through ophthalmodynamome- %

;- - try (151)., He concluded that the visual effects of acceleration

{ . and of externally applied pressure depended only upon the differ-

; ence between systemic blood pressure at eye level and any external-
i .. ly applied pressure, as through plethysmographic goggles. He

I termed this pressure difference "effective systolic arterial pres-
sure" (AP) and found that the visual field would begin to show
dimming for AP in the region of 30 to 49 mm Hg, that peripheral
vision was lost in the region of AP = 20 to 32 mm Hg, and that
blackout resulted when AP was 0 to 21 mm Hg., He further concluded
that the latency and progress of the development of the visual ef- b
fects was the same for use of external pressure as it was for de-
velopment with +G; on a centrifuge. For a simplified example of
[ the simulated effects of the plethysmographic goggles, see Table
o 4.3.4-1,
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Table 4,3.3-1 Comparison of actual visual effects
due to high acceleration with simu~-
lated effects induced by plethysmographic ;
gougles. I'
Actual Acceleration Effects
! Temporal Level Temporal Artery
! Systemic Pressure Intraocular Pressure AP Visual Effects Flow Direction
E 80 mm Hg 21 mm +59 Normal Vision Posigrade
70 21 +49 Dimming of Posigrade §
60 21 +39 visual field i
S0 21 +29 Peripheral vision Posigrade . ;
: 40 21 +19 lost :
: 30 21 +09 Posigrade :
: 20 21 -01 Blackout is Retrograde ;
: 10 21 -11 experienced ; E
! 0 21 -21 Retrograde ;
E Acceleration Effects Simulated With Plethysmographic Goggles
; Temporal level ;
Systenic Plethysmographi¢ + Intraocular AP Visual Temporal Artery 3
Pressure Goggles Pressure Effects Flow Direction E
80 mm Hg 0+ 21 = 21 mm +59 Normal vision Posigrade L
L 89 10 + 21 = 31 +49 Dimming of Posigrade
3 80 20 + 21 = 41 +39 visual field :
80 30 + 21 = S1 +29 Peripheral Posigrade i
80 40 + 21 = 61 +19 vision lost ]
80 50 + 21 = 71 +09 Posigrade i
80 60 + 21 = 81 -01 Blackout Retrograde ;
80 70 + 21 = 91 -11 Retrograde 4
30 80 + 21 = 101 =21 Retrograde i
1

The use of ophthalmodynamometry as a clinical tool for invest-
g igating the retinal circulation was, of course, an old matter, .
' stemming from the work of Baillert in 1917. Although a number of
clinical investigators used the springloaded dynamometer to press :
against the sclera and observe changes in the retinal circulation, "
it was not until a significant research program by members of the
Ophthalmology Department of Jefferson Medical College in Philadel-
phia working with the Johnsville centrifuge began to attack prob-
lems in the 50s and 60s that a clear understanding of the scien-
tific basis of ophthalmodynamography and the practical use of
plethysmographic goggles became established. A comprehensive
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: review of ophthalmodynamometry was prepared in 1963 by Wiegelin
and Lobstein. An excellent summary of the vast number of ex-
periments relating visual field changes during positive accelera-
tion and those occurring with increased pressure over the orbit

3 was the subject of the thesis by Duane, summarized in 1966 (63)

t and in a slightly shorter version in 1967 (62). Duane and his
assocliates demonstrated clearly the quantitative similarities
hetween the grayout and blackout associated with the use of
plethysmographic goggles and that occurring on the centrifuge.
They further showed that in both cases, the grayout of the visual
field prcoceeded from temporal to nasal periphery and finally nar-
rowed to the remaining island as the flow was cut off in the cor-
- responding areas of the retinal circulation. The peripheral light
| loss or grayout, following +G, occurring at an average of 4.3g's,

| corresponds to the initial collapse of the retinal arterioles in
the periphery. Similarly blackout corresponds to complete col-
lapse of the retinal arteries, total arterial exsanguination. The

e Y SE
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{3 delay between the objective changes and the visual sensation of
H .- dimming was approximately 5 seconds for grayout and 2-3 seconds
- for blackout. Both c¢f these times are consistent with the dura-
. tions associated with anoxia development after impairment of the

.. blood supply.

Since the retinal circulation is an "end artery system",
Duane and his associates assume that collapse would occur first in
the smaller arterioles serving the peripheral branches, and only
later in those associated with central vision. The same pattern
of collapse is seen with pressure increase using the plethysmogra-
phic goggles, In addition to the dominart factor of interest for
simulation, that of grayout and blackout, there are other related
similarities of visual effects which are of some importance. Ac-
celeration induced blackout and blackout caused by increased P;, |
both abolish the pupillary response to light. However, as demon- .
strated by using monocular increase in Pj, consensual reflexes |

associated with illumination of the other eye remain., Eye move-
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ments were inhibited during positive acceleration, and the hypothe-
sis has been put forward that this "limitation of ocular mobility
in response to acceleration (LOMA)" is associated with a central
nervous dysfunction associated with hypoxia. This explanation,
however, is not obviously consistent with the observation that

negative pressure over the eyes, restoring circulation and vision ]
to the retinas, returns not only the sensory feedback but also {
normal eye movements. The exact relationship between plethysmo- .
graphic goggle pressure and LOMA remains to be investigated.
Electroretinography (ERG), a very primitive measure of light
processing by the retina, has light processing to continue
unabated through blackout and up to and including unconsciousness

PRI AT

for +G, and, apparently also for similar visual stages of
ophthalmodynamometry. The explanation is that the rods and cones

which are required to function for the electroretinogram, as well :
as the bipolar cells, are nourished chiefly by the choroid and not i
by the retinal circulation. The choroidal flow is not impeded

R N

significantly by stresses. Duane (62) discussed other less direct

results on pupillary response, photic driving and the algorithm f
under acceleration and pressure stresses in his review. Finally, :
Anderson et al (5) reported that inha}ation of 100% oxygen at high ?

TR T W T T g T et s

. pressure produces "significant prolongation of visuwal functioen i
after occlusion of the retinal circulation by ophthalmodynametric : 4
pressure on the eye". Although their interests were solely in j
clinical applications of hyperbaric oxygen treatment, it is inter- ~
esting to note that a similar increase in tolerance to grayout or
blackout associated with +G; is observed when breathing 100%
oxygen, (Obviously, none of the limiting benefits of 100% oxygen .

during +G, associated with altered ventilation and perfusion ii
ratios are at work in this.)

The specific changes in visual field and visual acuity during
ophthalmodynamometry using the pressure goggles have been publish-
ed and are apparently identical to those observed with centrifuga-
tion yielding +Gz acceleration. The latter is demonstrated by
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Jaeger et al in their paper "Visual Field Changes During Positive
Acceleration" (127) and the former is shown in Jaeger et al "Para-
metric and Visual Acuity Changes During Ophthalmodynamometry"
(128), Figure 4.3.4-1 shows the changes in the field at various
stages of chamber pressure above retinal arterial diastolic pres-
sure. The similarity to +G; grayouts and blackouts is to be

noted.

v

T :

it g . . . Nasal fisld foss (left ays) approaches fixation and
Initial fisld loss is pronounced in the nasul fiald (left h : .

tys). Temporal field css is minimal and limited to the periphery. temporal peripheral field loss is more pronounced.

These illustrations reprasant a composite finld loss of thy group

==

The subject is approaching blackout. Fixation has dis-
appearsd and the last remaining island of vision is located 5-10
peripheral to fixation,

% 7 T

Figure 4.3.4-1 Monocular visual field loss (from Jaeger et al.
(127)). "Field" as used above refers to that
€ield as seen by the left eve.
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4.3.4.3 Hardware Considerations - Plethysmographic Goggles

Bt S S

The earliest ophthalmodynamometry equipment was basically an

outgrowth cf the tonometer, permitting the clinician to increase
| pressure in the eye by pressing against it and observing the
§ changes in the fundus. Various clinical versions of this equip-
: ment were brought into use as reviewed in several cources (Ref.
Goldstein, Lobstein A. and Nordmann, J. Modern Ophtalm, 1959)., An
instrument called the "Ophthalmic Artery Pulsensor" was available
in the early sixties for clinical investigation (240)., It did not
permit the subject to see through the device, It remained for
Weeks et al (255) of the aforementioned group in Philadelphia to
develop the Plethysmographic goggle which would permit the subject

R | L kil Bt B b O

wide peripheral field view as well as allowing the experimenter to
observe the retina. They developed a device consisting of two in-
dividually inflatable chambers fit into a mask, and a tight fit-
ting seal around the orbits. Straps were used to attach the gog-
gle to the chamber and inflatable bladders placed between the head-
band and the occipital skull to produce a counterpressure for re-
duced dizcomfort and better fit. The components of their device
are shown in Figure 4.3.4-2. These goggles could be pressurized
to 200 mm Hg. It was found that grayout occurs at approximately 8
to 25 mm Hg above eye level diastolic pressure. This method, how-
ever, which used a rigid shell of necessity made che problem of
the seal increasingly severe as pressure increase within the gog-
gle tended to pull the shell away from the face. This problem was
snlved by a newer design published by Behrendt et al (19) in 1966,
in which they use a soft and flexible material which folds under
at the junction with the orbit so that increasing pressure in the

chamber presses the veal tighter much in the manner of a tubeless
tire. This goggle is shown schematically and in pictures ian Fig-
ure 4.3.4-3. This system has a leak rate which is maximum between
50 and 80 mm Hg and decreases as pressure goes higher, up to 150
mm Hg. Tape is used to maintain the seal at low pressures. The
authors reported that pressure decreased only by 1 mm Hg per min-
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COUNTERPRES3SURE AIR BLADDER

PLASTIC EYE SHIELDS

STRAPPING

FOAM RUBBER MASK

HAND BULB /
PRESSURE GUAGE

Fiuaure 4,3,4-2 Component parts of the plethysmoaraphic
gocale: (1) hand bulb, (2) foam rubber
mask, (3) plastic eye shields, (4' ccunter:
pressure alr bladder, (3 stragpping, anc
(6) pressure aavce (from VYeeks (25%))
icourtes: of 0fficial Journal ~¢ the
AmElican Acadery of Neuroloay’,

ute, which was easily replenished with a hand pump. The goggles
were worn comfortably for one hour, and required on the order of
thirty minutes to fit. Thirf version of the goggle appears entire-
ly consistent with the experimental device to be included within

or as an adjunct to the pilot's flight helmet for investigation of

the utility of qphthalmodynamometry in training.

Duane reports bn some ea .y attempts to increase Py by a full
face aviator's mask using a f pressure high altitude flyinn
suit. They found that the ret. 11 circulatinn could be occluded,
but abandoned the technigue as being too cumb ‘rsome ani. techni-
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: Z A. TRANSMITTED THROUGH 3

: % RIGID WALL, PULLS GOGGLE RESULTANT MOVEMENTS NOT 3

: 7 AWAY FROM SEAL . TRANSMITTED THROUGH FLEXIBLE waLL K
& 71 8. NO INFLUENCE ON SEAL. - NO EFFECT ON SEAL. ]
2 ﬁ C. HELPS MAINTAIN SEAL BY 3
o C. PRESSES SKIN AWAY FROM PRESSING GOGGLE TO SkiN 3

: SEAL
5 Abb.2a Abb. 2b i
3
", z FRONT PLATE ‘,

; i
=
? ¥

NEW MODEL GOGGLE TUBELESS TIRE
- Figure 4.3.,4 - 3 Goggles seal (from Behrendt(19))
{courtesy of Keinischi Monatsblatter
Fur Augenheilkunde) ‘

3

cally difficult., If the effects are deemed worth while, this

could be further investigated. ;;
B

4.3.5 Area of Interest Variable Transparency Visor - i?
The pilots of most high performance tactical aircraft wear !i
helmets equipped with visors which afford protection to the }
pilot's eyes and face, and, through the use of filters, improves j

vision by cutting glare in daylight operations., In seatrching for
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means to alter the simulator pilot's visual environment to repli-
cate the visual effects of high G conditions, the visor offers
many merits as a potential site for such alteration.

1) In that the visor is employed in the actual task of
2 ‘ piloting an aircraft, its presence and use in the simu-
lator is natural and expected. There is no loss of en-

vironmental fidelity which is considered a very impor-

P

tant benefit,

2) As described in prior sections, the pilot's instantan-
eous line of sight is required to appropriately position ]
the high G visual effects and the use of a helmet F
mounted oculometer is a preferred method of generating
this information. The helmet mounted oculometer is con-

structed with the visor forming an integral part of its
operation; consequently, the requirement to provide and
use a visor is already established.

don e a3 kbRt e o

3) By concentrating the visual alteration at the visor

site, the more cumbersome computations and hardware
alterations required to replicate the effects using sim-
ulator cockpit instrumentation lighting and visual dis-

[ PSS

plays as discussed in Section 4.3.6, could be elimin- A
ated. Further, a continuum of effect between cockpit

interior and exterior scene is assured.

: kel

4) The visor site permits imposition of effect in those
areas of the field of view in which luminescence is

PN . 3 WP SW X

strictly a consequence of general ambient lighting and
not subject to selective tontrol. This would include
areas such as cockpit panel faces, miscellaneous cockpit

structures, or even portions of the pilot's own body.
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5) The authors have noted in the literature discussing the
subjective description of the appearance of high G peri-
pheral light loss a consistent suggestion that the ef-
fect is often perceived as a visual description occur-
ring external to the eye as if something intercedes be-
tween subject and scene. Vasil'yev and Kotovskaya (244)
most directly address this where they characterize gray-
out as "a gray veil, fog, whitish fog.....like looking
through rain or fog." Note the use of the word
'throughi. The simulation of such effects can more
faithfully be simulated by introducing the disruption
within a medium through which the pilot must view this
environmental scene rather than at the scene itself,

4.3.,5.1 Visor Concept

The visor concept advocated herein is closely related to the
challenging variable transmittance visor work accomplished by
Rockwell International Corporation's J.P. Dobbins in 1973, Under
AMRL contract F33615-71-C-1938, Dr. Dobbins developed and con-
structed helmet visors possessing the capability to vary automati-
cally, and in continuous form, light transmittance such that under
brilliant illumination conditions the light level reaching the
pilot's eyes can be reduced so as to preserve perception of low
light level tactical information displayed to the pilot via on-
board avionic systems. Dobbins employed what currently has become
generically known as liquid crystal techniques to vary the visor
transmittance factor., One of these units is pictured in Figure
4.3.5-1.

Hoyt et. al. in Patent #3,942,270 held by The Singer Company
applied liguid crystal visor construction concepts for the purpose
of gradually dimming, from the periphery of the visor inwards, the
pilot's view in order to replicate high G conditions. This con-
cept held that the center of the visor expanse was the most likely
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Figure 4.3.5 - 1 Helmet assembly without shroud
(from Dobbins {58)).

position of the pilot's line of sight and that peripheral lumin-
escence dimming was the effect sought. Visor design established
the center of the visor expanse to be the last area of dimming;
consequently, if the pilot shifted his line of sight without
moving the visor itself, the clear central field of view would not
move with the line of sight. .The visor concept discussed herein
extends the 1iquid crystal approach far beyond that suggested in
this patent and draws on high spees liquid crystal display tech-
niques which are currently in the developmental phase,

4,3.5.1.1 Dual Optical Effects of Interest

Fundamentally liquid crystals are mesomorphic substances
whose optical activity is alterable based on applied voltage,
Sandwiched between two transparent conductors a thin layer of
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| o
1 liquid cfy osed to both dielectric and conduction '
forces wii ey ‘bn the type of liquid crystal material
selected Ly 3 n-rious optical alterations in the light .
i passing e JM’IQUIG crystal layer. The optical alteration : |
E occurs it Bhd §h of the conductors and reveals the otherwise ' j
E nonappa A.}“-attern selected for the conductors. A popular pat- 3
E tern fouhd today;'" the seven individually addressable bars or
i segments which o ise the display of a digit employed in liquid . %
crystal numeri }l"ﬂfﬁ The optical change occurs as a volt- i
age, highe;vtﬁ 80 ' threshold voltage, and is applied to the
E transpare T 'fsurfaces. The severity of the optical dis- ;
3 turbancey 19g% ‘f‘the magnitude of the impressed voltage %
t potenti%% ; : a@ﬁ_of optical change-to-voltage change is g
quite high i & 'y a few intermediate states of optical dis- i

Two basic types of liquid crystal electro-optic phenomena
exist: field effects caused by dielectric forces only and con-
duction phenomena induced by a combination of dielectric and g
conduction forces. Induced birefringence, twisted nematic,
guest-host interaction, and cholestric-nematic transitions are
found within the field effects category wherein optical disrupticn
occurs as the liquid crystal deforms due to the presence of a
dielectric field. These phenomena can be employed to block the ’1
passage of light passing through the liquid crystal display and |
consequently vary illumination levels of external light viewed ‘
through the display. The twisted nematic used with a polarizing ]
film is a popular configuration for battery operated watch digital
displays because of its low power requirements. Here light passes
“rom the front of the display to a reflecting surface behind the
display and back out the front. When the liquid crystal, taken
together with polarizer, is commanded to a light blocking mode,
the shape of the segment becomes apparent by silhouette.
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Dynamic scattering and storage effects, on the other hand,
produce a different optical appearance and are part of the con-
duction phenomena. Conduction induced fluid flow occurs in ne-
matic materials with negative dielectric anistropy and the wide
angle forward scattering phenomena known as "dynamic scattering"
is the most important by-product of the turbulence associated with
electrohydrodynamic flow. In this case the view through the
display in its non-scattering mode is clear and as the display is
caused to increase in dynamic scattering, it takes on the appear-
ance of increasingly apparent ground glass. Because we are in-
terested in causing the visor to replicate not only the high G
visual effect of light level dimming but also the loss of contrast
associated with grayout, both field effect and dynamic scattering
light crystal phenomena are pertinent to our application., Some
vendors of liquid crystal technology, when briefed on our poten-
tial application, felt that it might be possible to chemically
bond together nematics from the above two categories such that one
film of liquid crystal medium could be made to perform both the
task of scattering and light level reduction as a progressive
effect. Should this not be possible, it is apparent the two
unique films, one from each category, could be sandwiched to
produce the varied optical effect sought,

4,3,5,1,2 Flat Plate Display Prototype

Developing a visor as a liquid crystal display requires that
the visor be constructed of transparent inner and outer shells
which are separated slightly to permit the incertion of a thin
film of nematic material. The inner and outer shells actually
form a vessel containing the nematic., The inner surface of the
vessel is coated with a thin film of conducting material such that
the nematic can be exposed to dielectric and conducting forces.

In the case where two different and separately contained nematics
are to be employed the vessel must be constructed with three walls
providing two cavities and four conductor films may be employed.

-73-
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One of the most serious problems facing Dobbins (58) was the
vessel forming process which would yield not only visors of the
correct contour but, more importantly, would provide dimensional
uniformity in the thickness of the internal cavity. He ultimately
: recommended the use of thermosetting castings of allyldiglycol _ ;
; carbonates (ADC) glazing resins. Nevertheless, of importance is
the fact that generating a curved surface "display" presented
difficulties, Liguid crystal vendors we have contacted seem to
express the same concerns. The concepts suggested herein border
the state-of-the-art in flat plate liquid crystal display tech- ‘ ;
nology without considering curved surface fabrication. None would
say that the principles required to achieve the desired flat plate
display are violated or nonapplicable in curved surface displays,
but most seem to adopt a serial approach tc the problem: first
develop and evaluate a suitable flat plate display, then approach
i the curved surface fabrication problem. Therefore the balance of b
this section will consider the visor display as a flat plate

prototype.

Figure 4.3.5-2 depicts a planform of the flat plate visor
reasuring four by eight inches. It would be constructed in either
% two or three wall construction depending on the suitability of
' chemically bonding or maintaining as separate the field effect and
conduction nematics. Either way, provision is made for both dyna-
mic scattering and light dimming optical effects. If a twisted
nematic is employed for light dimming a set of polarizing films
must cover the display expanse. The addition of a pleochroic dye
mixed with the nematic and operating under guest-host interaction
could reduce the polarization requirement to a single film. Selec- 4
tion of a cholesteric-nematic mixture could remove the require-
ments for polarization altogether (200) which would be advantage-
ous since polarizer films are susceptible to temperature and
moisture degradation (225). Dobbing avoided the use of "liquid ; i
crystals", per se, and employed a formulation of electrodichroic '
crystals in liquid suspension in order to eliminate the need for
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Figure 4.3.5 = 2 Flat plate visor display.'

polarizers and to obtain a lower optical effect-to-voltage drive
gain (58). The latter permits more precise control over the
degree of transmittance attenuation than that afforded by the
twisted nematic., As we shall see, our configuration may not

require such precise control.

4.3,5.1.,3 Matrix Addressing

The transparent conductor films used in the four by eight inch
flat plate display are deposited on the inner surface of the ves-
sel so as to form a 40 x 80 matrix of 0.1 x 0.1 inch elements.
That is, on one side of the liquid crystal are located rows of
conductors 0.1 inch wide and on the other side of the liquid
crystal film are located columns of conductor 0.1 inch wide.
by matrix addressing, wherein a specific row and column are sub-
jected to an electric potential, the optical effect can be com-
manded to occur at selective positions within the expanse of the

Thus
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flat plate visor. Likewise it is possible to "paint" an optical
pattern and cause it to move about the expanse of the flat plate,

4,3.5.1.4 Display Pattern of Specific Interest

The specific pattern of interest to us is illustrated in Fig-
ure 4,.3,.,5-2 wherein the paired monocular rendition of high G gray-
out and peripheral light loss is painted centered on the location
of the pilot's current visual line of sight as made known by the
oculometer. Cerebral assimilation of the monocular views produces
a uniform binocular effect., The origin of the radius vectors are
permitted to move according to that detected by the oculometer,
The magnitude of the radius vectors shorten during the onset of
high G visual impairment and expand during recovery and are driven
by an algorithm such as that presented in Section 4.3.3. The
radius rj], corresponds to the "disturbance terminator" and r4
corresponds to the "blackness terminator" as introduced in section
4.3.3., Within the area of rj, dynamic scattering and transmission
attenuation would not be scheduled. Between r; and rp, rz and
r3, and r3 and r4 sequentially more intense scattering and/or a
greater density of elements commanded in dynamic scattering would
be scheduled to replicate grayout conditions. Commencing to draw
on the second major optical effect of the visor, between r3 and ry4
transmission attenuation might be scheduled by activating a sparse
population of light blocking elements. At r4 a greater density of
light blocking elements would be activated to higher levels of at-
tenuation and at some radius beyond r4 the display would become
completely opaque to simulate complete light loss. As can be
deduced froam the preceding description, the matrix approach, when
employed to cause visual disruption, lessens dependence upon
driving all elements in intensity variations. The same net effect
can be achieved with less control of the intensity of a given ele-
ment's optical effect supplanted by control over the density of
the effect considered from an area-wise standpoint. This pheno-
mena is somewhat analogous to that employed in printing photo-

{
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graphs by half-tone methods., For this reason high gain twisted
nematics may be entirely suitable for use in the visor.

4,3,5,1.,5 Multiplexing, Drive Waveform, and Power

The optical patterns we wish to construct in the visor are
complex enough to require a modified form of signal multiplexing.
In order to preclude the perception of flicker in the display,
each element should be updated at least 25-3C times a second
(225). 1Ideally each element could be individually addressed to
the exclusion of simultaneously addressing all other elements in
the display. This would involve incorporating multiplexers on
both the X and Y axes. The multiplexers could be mounted on the
helmet itself and would reduce the wires servicing the helmet to
the X and Y data chain, X and Y address enables, and multiplexer
power. The luxury of such independent non-simultaneous addressing
reduces individual address duration in our 3200 element display to
approximately 10 microseconds which may be inordinantly short to
successfully stimulate the element within a reasonable response
time,

A more classical form of liquid crystal multiplexing is to
multiplex on but one axis while providing individual and simultan-
eous access to all elements on the other axis. Dividing our dis-
play into two 40 x 40 element sections with the intent of simul-
taneously scanning each section and further stipulating that a set
of 40 individual address lines will be provided to each of the two
sets of 40 Y axis columns will significantly increase element con-
nect duration. In thic case the 40 X axis rows are multiplexed
such that the display is swept, 40 columns at a time, row by row
along the Y axis., Connect time increases from 10 microseconds to
nearly a millisecond.

The life of liquid crystal displays are sometimes quoted as
high as 50,000 hours. However, in order to achieve this type of
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life, it is necessary to drive the display with an AC waveform and
keep residual DC levels below a minimum. Residual DC levels tend
to slowly degrade the optical effect by permitting the accumula-
tion of an insulating film at the anode (2(0,225). Liquid crys-
tals respond to the RMS voltage potential to which they are ex-
posed; consequently a pulse chain with polarity systematically
reversed is a preferred means to excite the display elements
(225), Threshold voltages depend upon the material but can be
found in the 1-2 Vrms region. Saturation voltages also vary but
may be found in the 10-20 volt region. Typical power requirements
run in the 10-20 micro-amp/cm? region.

Liquid crystals are sensitive to the frequency employed in
generating the dielectric field. Critical frequencies exist,
peculiar to the material employed, above which activation thres-
holds are increased and delay times decreased. This phenomena is
used to advantage in generating displays by employing a high fre-
quency component to alter response characteristics while simultan-
eously emploving a low frequency component to activate the inten-
sity of the electro-optical effect. Dual frequency addressing
will be further discussed in the next section.

4,3.5.2 Visor Response

Many of the problems encountered in developing a liquid crys-
tal display center not so much on generating a display but on de-
veloping a highly responsive display. Because the visor display
must reposition the high G visual impairment pattern according to
the movement of the pilot's line of sight, pattern movement must
occur during visual saccades. Although precise data on acceptable
time decays is missing, it would be appropriate to assume that
pattern repositioning should occur within 100 milliseconds and
this requirement in itself would qualify the visor as a high

response display.
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The rise times at 20°C of the majority of field effect mat-
erials seems to fall in the 100 millisecond region and approxi-
mately 150-200 milliseconds for dynaztwic scattering materials,
Decay times range from 200-400 milliseconds for field effect and
100 milliseconds for dynamic scattering materials. Some twisted
nematics, however, display rise times as shor; as 10 milliseconds.
Multiplexing the matrix as earlier discussed aggravates the situ-
ation by reducing the connect time to each element and promoting
conditions where increased potentials are sought to establish
higher RMS values of applied potential., Higher RMS potentials
indeed reduce optical response time but can contribute to cfoss
talk between matrixed elements. As of the early part of this
decade displays employing 50 x 50 and 100 x 100 elements with a
scan time of 1 second and a 260 x 260 element array with a 10-20 ;
second scan time were reported. A 120 x 120 array operating at i
television update rates was functional but displayed some defects
(200). Smith concludes in his 1978 article on multiplexing of
ligquid crystal displays (225) that improved liquid crystal ma-
terials currently undzr development will make multiplexing easier

1
]

e ol 3 i L L K il

and permit the development of large dot-matrix arrays for video
games and data display terminals. Techniques have been developed . i

to improve the responsiveness of liquid crystal displays. Some of
these techniques must be considered in the design of the visor in
concert with the selected array size. The aforementioned twin 40
x 40 matrix of 0.1 inch square elements must be treated only as a

T skt il il

point of departure and should be reconsidered in a resolution vs.

response analysis. ;

The pulse chain generated in the multiplexing process aids o
response time in one aspect in that it permits establishing a
steady state RMS potential just shy of the crystal threshold volt-
age; therefore, the element is "set" to activate without delay
: (225). Secondly, rather than establishing the "“activate" dielec-
: tric potential at the intersection of a row and column by placing »
half the activate potential at one polarity on the row and the ‘j

|
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same magnitude but opposite polarity on the column which results
in the unselected elements "seeing" one~half the activate polar-
ity, a one-third voltage select 3cheme is employed as illustrated
in Figure 4.3.5-3, Note that the unselected elements are exposed
to only one third of the activate voltage., Conversely, if the
vceltage residing at the unselected elements is maintained at just
below the threshold level, it is apparent the one-third scheme
permits the "activate" voltage to be of larger magnitude than that
permitted in the former "one-half" scheme. Increasing the acti-
vate potential reduces response time.
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Figure 4.3.5 - 3

Another method of further increasing the abovementioned acti-
vate potential is to capitalize on the impact high frequency po-
tentials impose on crystal threshold potentials. Dual frequency
addressing selectively employs both a low frequency activate poten-
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tial and a higher frequency signal, above the nematic's cr. § =~
‘ frequency, to raise the threshold potential of unselec '« ale~
| ments. This is demonstrated in Figure 4.5.3-3 by the -~yuoc Vg,
By raising the threshold potential of unselected elements, .t is
possible to increase the activate potential which shorten: re-
sponse time. Viewed conversely, higher activate potentials in-

e IR

ducing quicker re3p6nse can be employed without encountering cross
talk, or the condition when neighboring unselected elements become E
inadvertently active. ]

ket

: Dual frequency addressing displays an additional benefit in
| that the high frequency component has the effect of shortening the
decay time of both field effect and dynamic scattering nematics.

i In the case of dynamic scattering nematics, for instance, the high ]
frequency component adds a dielectric orienting field to the ele-

3. ment which tends to suppress hydrodynamic flow. 1In the visor ap-

{ plication the response associated with eliminating an optical ef-
fect is equally as important as the response associated with ini-
tiating the effect. Fortunately the application of high frequency
potentials to shorten decay time is a discretionary action because :

slow natural decay makes possible multiplex scanning of arrayed

ot e 98 2

liquid crystal displays. In fact in some cases it is desirable to
prolong the decay.

Multiplex scanning subjects each element in the array to a H
pulse chain. When an element is to be activated; the amplitude of |
the pulse is increased such that the RMS potential is raised above

threshold levels. During multiplex scanning an element is exposed ;
to pulses separated by intervals of zero pocential. As the number
of array elements to be scanned per unit time increases these

intervals become longer and the pulse width smaller. The dielec-
tric field is increased during the pulse and permitted to decay
according to its dielectric relaxation time during the interval of
zero potential, Thus even though the pulse width may be small, if

SOEAEEPRE N

decay is small or can be retarded, the field will persist long
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enough to activate the desired optical effect. Consequently, the
selection of the nematic material must, in part, be made based on
its natural decay characteristics compared against the temporal
constraints formed by the multiplexed scan pattern selected.

One of the methods to further retard decay is through the
addition of cholesteric material to the nematic which, it will be
recalled, is also suggested as a method of eliminating light
polarization requirements. A second method to retard decay is to
electrically isolate each element from its common connection to
other array elements in the row or column, thereby reducing di-

1 electric relaxation via external paths. Polycrystalline thin-

: film transistors have been used for this purpose; however, their

~applicability to the visor application requires additional inves-
tigation.

e s R e R r .

el

This section has concentrated on the question of response be-
cause of its obvious importance in the visor application and also
because it forms a very complex problem involving interrelation-
ships between the selection of nematic materials, selection of
array size and scan patterns, the cha;acteristics of the potential
used in addressing an array element, and the address strategy
itself, Other factcrs must also be considered in the desigh of
the display such as temperature and humidity effects, liguid 5
crystal layer thickness effects, and variation in optical effects :
as a function of viewing angle; however, we do not foresee major t
difficulties arising from these considerations. F

adhc IR el e

e

4,3.5.3 Visor Subsystem Structure and Devel’ .mental Approach

The preceding sections have been directed primarily at dis- }
cussing the primary element of the subsystem: the visor display
apparatus. We envision the total subsystem to include the visor
display, helmet mounted oculometer, and a microprocessor or mini-
computer containing its own I/0 structure to interface the oculo- . i

i

)
|
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meter and visor together and further to interface these two items
to the host computational system serving the simulator,

A small dedicated computational capability operating at fast

cycle rates is required to:

1) Minimize delays between the generation and use of oculo-
meter produced line of sight information.

2) Generate the pulse chains required to activate the dis-
play according to the structure of multiplex scanning

selected,

3) Handle the high speed digital to analog conversion re-

quired by the display.

The visor computer is responsible for converting the patterns

g' and location of the patterns sought in the display to appropriate
* array element commands and then sequencing these commands accord-

- ing to the scan process employed. It is responsible for control-

ling the analog scan process as well as the techniques for re-
sponse enhancement, The high G visual impairment model presented
in Section 4.3.3 could be located in either the simulator host
computer if experimenter control over model behavior is emphasizeqd
or in the visor computer if a minimum of model adjustment is anti-
cipated. The latter configuration significantly decreases the

interface between host and visor computers,

As earlier indicated, we believe the appropriate approach to
developing the visor subsystem is two phased involving the devel-
opment and evaluation of a flat plate display and then, assuming
the evaluation confirms the worth of the concept, developing a
similar display in the curved shape of the visor. Because of the
highly specialized technology associated with fabricating liquid
crystal displays and, in particular, addressing matrixed liquid
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crystal displays, the development of the visor computer, I/0, and

flat plate display should be maintained as a single effort and the ;
liguid crystal display vendor selected should demonstrate exper-
tise in the development of specialized displays as well as com-

puter systems to drive the displays. In the second phase, where -b
the flat plate system is converted to a curved surface display it .
may be beneficial to attempt to involve Dr. Dobbins or other indi- o

viduals key to the earlier AMRL visor contract in order to benefit
by their experiences in fabricating ligquid crystal displays in the
form of a visor.

4.3.6 Diminution of Visual Acuity Simulation

4,3.6.1 Flight Instruments

As mentioned in Section 3, the pilot experiences a diminution
of visual acuity during +G,. This dimming process begins with an
interruption of vision in the far most periphery proceeded by a
gradual degradation of visicn moving inwards towards the foveal.
As the radii of the field of view gradually collapse, a complete

loss of vision is experienced.

Two concentric circles define the regions of diminution of
visual acuity from the simplified algorithm (Section 4.3.3) (see

Figure 4.3.6.1~-1),

The instrument axis system has it's origin located in the
lower left corner with the positive abscissa extending horizon-
tally out to the right and the positive ordinate extending ver-

tically upwards from the origin.

In Figure 4.3,6.1-1, R} is the radius of the inner circle and
Ry is the radius of the outer circle., Ry defines the radius to
the point of interest (I) from the fixation point (F). "I" is the
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INSTRUMENT PANEL

Figure 4.3.6.1-1 Region of diminution of visual acuity.

point of interest which, in this case, is an instrument located on
the instrument panel,

When Ry < R}, visual acuity is normal (K = 1)
Ry > R2, there is a total loss of vision (K = 0)
R; < Ry < Rz, visual acuity varies linearly (0 < K < 1)
The center of these circles is at the fixation point (F)
which is the intersection of the LOS (line of sight) with the in-
strument panel. The coordinates of F are provided by the oculom-
eter system and are represented by (Xjogs, Y)1os). The coordinates
of each instrument are fixed relative to the instrument axis sys-

tem and are represented by (Xp, Yy) for each instrument. R} and

-§5-
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Ry are provided by the dimming algorithm, Thus, the locations of
the ‘ixation point and the instrument are known along with the
radai of the two concentric circles with center F. The objective
is to determine the level of attenuation (K) of a particular in-
strument in relation to it's location relative to R; and Rj.

1/2
/ [Eq., 4.3.6.1-1)

Rr = [(X1 - Xlos)2 + (Yr - Ylos)21
For Ry < R}, K = 1 (there is no dimming effect)

Rr > R, K = 0 (total loss of vision)

Ry < Rf < R2, 0 < K <1 (visual acuity will vary linearly)
such that

RI - Rl [Bq. 4.3.6.1-2]
R = R}

K=1 -

for any given instrument,

4,3,.6.2 Visual Displays

The foregoing has been a discussion on determining the level
of attenuation of a particular instrument. It is also of impor-
tance to know the level of attenuation of a particular part of the
visual display in order to obtain the proper dimming effect.

The display axis system is similar to the instrument axis
system with it's origin located in the lower left corner from
which the positive abscissa is directed to the right (Xp) and the
positive ordinate is directed upwards (Yp).

Considering a CRT display system, the display consists of
1,000 raster scan lines. If the elements along a horizontal scan
line ara designated Hp and if each scan line has a vertical desig-
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nation Vp relative to the display axis system, then Hp and Vp can
both be thought of as counters where Hp gives the number of pic-
ture 2lements along a particular raster scan line and Vp gives the
nunber of raster scan lines., Thus, the fixation point (F) can be
defined in terms of (Hjoe, Vipg) Such that,

Hmax (Xlosp) yo
HIOS = —— e [qu 4.3.6.2 1)
Xp
Vmax (Ylosp) -
¥p
Where

Hmax = The maximum number of elements along a horizontal
scan line

Vmax = The maximum number of scan lines

Xp = The Xp coordinate of the point of interest on the
display

Yp = The Yp coordinate of the point of interest on the

display

Since the coordinates of the fixation point (¥, and the point
of interest (I) have been astablished, it is now possible to de-
fine Rp (the radius from F to I) and thus, the attenuator on the
image intensity (K).

The following computations must be performed by analog cir-
cuitry because they are required to be done at video frequency.

1/2

Rp = [{Hp - Higg)> + (Vp = Viog)?] (Eq. 4.3.6.2-3]
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For
Rp { R}, K = 1 (Normal image intensity)

Rp > Ry, K = 0 (Complete blackness)

Rp - R
Rl < RD < RZ' K= l - -g"‘"—]'" (Eq. 4.306.2"4]

Rz = R}

S e e

For any point of interest on the visual display. ,ﬁ
The above development for the CRT display can also pertain to
the dome display because a light valve maps from a flat plane to a

Ei spherlcal surface optically, and is a raster scan projector.

4,3.6.3 Visual System Drives

éé Since both a CRT display and a light valve projector require
' raster generation and visual signal processing the techniqua which
is related herein will be applicable to both schemes.

" Considar the hardware described in Figure 4.,3.,6.3-1, The
hardware described assumes a sweep generating method utilizing a ;
crystal feeding down counter to determire the timing for the hor-
izontal and vertical sweep generation. These siganals would be
compared against those generated by the visual acuity computer to
locate in the raster the center of foveal view and the correspond-
ing lengths along the raster line as well as the intensity of
visual signal at that point. This information would then be fed
to an in-line video multiplying D/A to properly attenuate the
video prior to going to the CRT or light valve projector.

The visual acuity computer (VAC) will determine, from the al-
gorithm, the center of diminution and the radii of peripheral dim— '}
ming and connect them by appropriate iransicrmations to horizontal '
and vertical locations within the raster. Further the YVAC will i
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Figure 4.3.6.3-1 Celected spot dimming block diagram, ;

compute the appropriate level of acuity for each picture element

]‘ which will serve as the video modulation level fed to the video j
- multiplier, . |
i Figure 4.3.6.,3-2 serves as a further aid to explanation of !

the type of signal computation considered. The center of diminu-
tion is 75% along line 1l in the hypothetical raster. Four levels 3
of acuity are assumed. Proceeding from left-to-right the effect
of the visual acuity signal from the VAC, after having been trans-
formed and referenced to the raster, is shown for lines 4, 5 and
ll. The dotted portions of the raster depict the retrace lines
which are blanked dquring normal operation.

The main element outside the VAC is the multiplying video
D/A. 1In terms of this hardware description the amplifier of the
D/A'will be capable of handling the standard video frequencies
consistent with the resolution and scanning frequencies of the
visual device. Depending on the number cf levels of acuity chosen
between complete blackout and clear vision, the settling time of
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the DAC will be determined, Consistent with state-of-the-art the
settling times would probably be about 50n-sec. This translates
to a bandwidth of 7 mhz which may cause some loss of resolution
along the scan line at a point where acuity levels are changing.
Because Of the nature of the simulation this may cause some blur-
ring at changes in acuity level. This is not considered to be a
serious problem at this time but would be a consideration in a

future hardware study.

4.3.6,4 Cockpit Lighting Drives

In a gituation where the field of view covers the visual dis-
play and the cockpit instrument panel, (Tigure 4.3.6.4~1) the vis~-
ual display would be covered by the hardware described in section
4,3,6,3, Even though the center of 1oveal view is off the display

R

0 O\Q O

O
/Loo o\
Figure 4,3.6.4~-1 Visual display/instrument panel blending
of selected spot dimming.
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screen the radii of diminution will cause the appropriate dimming
in the required area. To simulate the loss of acuity in the cock-
pit interior scene, it has been decided that this loss would be
simulated by dimming the instrument lighting (Figure 4.3.6,4-2),
The following is a description of the simulation hardware,

VISUAL
pr——— 0\SPLAY

ELECTAONICS

VISUAL
ACuITy
ComPuIER

INDIVIDLIAL
INSTRUMENT cockmT

LIGUTING
. COCKMT ) "":,';‘.’:::"'
- DIMMING ]

: ws

Figure 4.3.6.4-2 Cockpit intericr selected spot dimming
block diagram.

T Y

The visual acuity compater (VAC) will predict the center of
foveal vision and the radil of diminution based on the G's being
experienced according to the prescribed algorithm, Since the in- :
strument lighting is based on a fixed reference system each light - §
will have a fixed address in X and Y (Figure 4.,3,6.4-3). The ad- - E

dresses will be continually compared to the values generated by 2
the VAC, When the VAC determines that a given instrument light -
falls within the field of diminution the signal to that light will -

be attenuated according to the algorithm. Normal cockpit light-
ing, switching and dimming will also be accomplished through the
instrument lighting D/A's,

4
Side panel lighting and auxiliary cockpit lighting could be ]

handled in the same manner as fron% panel lighting. The amount of }

hardware and its complexity could be reduced considerably if this

lighting were considered to be in the area of complete vision loss :l

-92-




RAREECLR T YOS

T TR T IINT T T T T O O R o — .
ek _ L " T g Lo cfonvgs

Firure 4.3.6.4-3 Instrument panel light addressing.

and be driven in normal simulator fashion. This possibility could
be investigated prior to any hardware implementation.

The D/A utilized in controlling the instrument lighting will
require a current buffer on a standard D/A to handle the current
requirements of the various bulbs used in aircraft instrument
lighting., Again the D/A will be the multiplying type which allows
a variable reference voltage to be used. Since only a single
variable is required the most stringent requirements will be 1)
multiplying capability, 2) current drive capahbility, and 3) number
of bits required to perform the dimming requirements of the
algorithm,
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4.4 Musculoskeletal Loaders

4.4.1 Head/Neck Loading

In the environment of high acceleration fiight, the forces on
the pilot's head represent a significant obstacle to the pilot
moving his head. Pilots have been quoted as saying their shirt
collar size has increased substantially during their tour of fly-
ing high performance aircraft. This is a result of the neck mus-
culature resisting the inertial effects on the head. Because of
the fact that the neck muscles resist both head and helmet iner-
tial effects, it is logical to assume that if these effects are
reproduced in the simulator the combined inertia of head and hel-
met must be considered,

Since it was found that there was significant movement of thé
helmet with respect to the head as well as the resistive effects
on the neck, it was decided that these two areas should be treated
separately. Therelicre, the effects of the head and helmet to-
gether stimulating the neck muscles is considered in this section.
Subsequently, the helmet motion relative to the head will be
treated.

In section A.4.2 it is shown that the head responds with both
pitch and vertical motion to +G; stimuli. The data is lacking in
other degrees of freedom as indicated in section aA.4.2. However
the other degrees of freedom could be investigated with some of
the hardware suggested in th: following sections. This head
motion stimulates three sets of physiological receptors, the
muscle sensors, vestibular sensors and visual perspective, 1In
addition, the flesh pressure sensors in the head may also be
stimulated by the apparent increase in helmet weight.

Several approaches have been considered in attempting to pro-
vide the stimulation indicated above and in section A.4.2.
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Heavy fluid/helmet cavity

Cable torque motor

Skull pressufe firmness bladders
Cable/boom and drogue

Magnetic field effects
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HEAVY FLUID/HELMET CAVITY

The heavy fluid/helmet cavity approach was first introduced
during the study proposal. The concept employed is to £ill cavi-
ties in the pilot's protective helmet with a fluid of sufficient
density to stimulate the physiological sensors consistent with an
increase in apparent mass of the head and helmet due to an in-
crease in vertical acceleration. As the acceleration increases
the cavities are filled and as it decreases the cavities are emp-
tied. 1In order to develop the design parameters of this system
the quantity of fluid required must be determined. Table 4.4.,1-1
lists the apparent increase in head and helmet weight as a func-

tion of +Gz. Also presented in this table are the wvolumes of mer-
cury and a 20% lead slurry required to achieve those apparent head

and helmet weights.

Table 4.4.1-1 Head and helmet weight as a function of Gz.
P Head Helmet Total Volume Volume
f g' +G, Weight(kg) Weight(kg) Weight(kg) Hg(cm3) Pb/oil(cm3)
A 1.0 4.6 1.1 5.7 0 0
uk 2,0 9.2 2.2 11,4 422.2 1900
S 3,0 13.8 3.3 17.1 844.4 3800
{]- 4.0 18.4 4.4 22,8 1266.6 5700
a 5.0 23.0 5.5 28.5 1688.8 7600
- 6.0 27.6 6.6 34,2 2111,0 9500
: 7.0 32,2 7.7 39,9 2533.2 11400
z 8.0 36.8 8,8 45.6 2955.4 13300
a8 9,0 4l1.4 9.9 51,3 3377.6 15200
f 10,0  46.0 11,0 57,0 3799.8 17100
|
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The number of heavy fluids available which do not reguire
special handling are very few. Mercury, because of its toxicity
causes special problems, It is also an expensive fluid, It was
eliminated from consideration here because of the safety consider-
ations., The 20% lead/oil slurry would be safe, however the guan-
tities required are very high to effect a l:1 correspondence to
the actual acceleration. At 5g and 10g, 5.7 and 17.1 liters re~
spectively would be required. The standard USAF helmet modified
with several chambers as shown in Pigure 4.4.1-1 would hold ap-
proximately one liter. Rare earth colloidal solutions or slur-
ries, such as depleted uranium may be an alternative with higher
densities but they would be cost prohibitive,

HELMET

=)

/ L ) INLET SUPPLY LINE
BAFFLES
OUTLET RETURN LINE

\ COMPRESSED AIR LINE
(AIR WITH QUICK

INSTRUMENT PANEL)
CAVITY NO.1
CAVITY NO.2
CAVITY NO.3
Figure 4.4,1-1 Heavy fluid cavity approach.
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In order to scale the system tc 10g, which seems to be a
minimum requirement for the present generation of high performance
fighter aircraft, the apparent weight of the head/helmet would
have to be reduced to about 6% for the lead slurry and to abcat
26% for the mercury which would give the scaled weights in Figure
4.4.1-2, This figure illustrates that at 10g the scaled increase
in apparent weight is only 3.1 kg or €.,8% for the lead slu:ry and
13,3 kg or 29.3% for mercury while in fact the increase is 51.3 kg
or 112,94,

These results raised several questions; first, would the gen-
- eration of the full forces as indicated above impose a safety haz-
\ zard to the pilot? Second, what is the value of reduced amplitude
cuing? Third, what is the effect of applying the full gravitation-
al load to the helmet and thereby transmitting the force to the
head and neck when in reality those forces are distributed between j
the head and helmet in a ratio of their weights? i
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The safety question is one of considerable concern. While it é
can be stated th.t these loads are the same as what could be ex- g
pected in flight, it is a fundamental concept of flight simulation j
that these devices actually be safer than the aircraft. Therefore
the imposition of in excess of 50 kg to a pilot's head should be
done with a great deal of care if at all, One major problem here t
is that the attitude of the head and neck relative to the spine
cannot easily be determined and therefore the application of this
force could cause injury if the head is not in an optimum position
for transmitting the forces. A further point to be considered is :
that the heavy fluid cavity approach does not have the inherent i
characteristics to make the system totally fail-safe,

[T,

Assuming then that it is undesirable to replicate the forces ‘
exactly, but rather to employ a scaled version of the loads, the j
concept of reduced amplitude cuing should be considered. This
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concept has been employed successfully in other areas of simula-
tion., However the concept is not without controversy. Therefore,
to determine the applicability or the value of a reduced amplitude
cue training value, experiments must be undertaken,

The third question concerning the application of the total
head/helmet forces through the helmet is one that requires further
study. It is unrealistic to impose the forces totally through the
helmet since the flesh pressure sensors in the head would indicate
that all the force is applied through the helmet. Perhaps this
effect could be countered by the use of firmness bladders in the
helmet liner. These devices would be inflated during this period
to distribute the load over a larger area and thereby reduce the
stimulation of the flesh pressure sensors. This drive philosophy
would be in opposition to that of using the firmness bladders to
enhance the helmet loading cues.

Of course the fallacy in this approach is that to some extent
sone of the load will be absorbed by the compressibility of the
air in the firmness bladder. Again this concept can only be veri-
fied empirically.

The high flow requirements indicated in Table 4.4.1-1 for a
10 g/sec acceleration rate are on the order of 4 liters/sec.
Since this would impose significant constraints on the design of a
pumping station, it does not seem feasible to use this system
(heavy fluid cavity) to conduct the experiments to determine the
training value of reduced amplitude cuing. Coupling this fact
with the safety aspect and the fact that this would be an expen-
sive system indicates that another approach be used to develop a
lahoratory device to evaluate the concept. This device has al-
ready been developed, the NASA Langley Helmet Loader,
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CHRBLE TORQUE MOTOR

The cable torque motor approach would employ « system of
cables attached to the helmet through which tension could be ad-
justed by a torque motor. As was stated above, a device of this
type has been developed, built and tested by NASA Langley. This
device, referred to as a helmet loader is described by Ashworth
and McKissick (8).

The system employs two small strings attached to the helmet
and routed through pulleys on the shoulder harness to a torque
motor and employing a force transducer in the control loop., The
force feedback is utilized in order to follow the pilot's move-
ments while maintaining the appropriate helmet forces. Figure
4.4.1-3 shows the installation of the NASA helmet loader in the
DMS at Langley.

ATTACHMENT
POINT ~—~—

FORCE
TRANSODUCER

TORQUE
MOTOR

Figure 4.4,1-3 Helmet loader installed in DMS (from
Ashworth and McXissick (8)), (reprinted
with permisajion from the American
Institute of Aeronautics and Astronautics,
AIAA Paper No. 78-1573, Figure 1).

The two small pulleys attached to the pilot's shoulder har-
ness provide a loosening of the straps as force is exerted down-
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ward on the helmet for positive G. Unrestricted head movement is
permitted by the amount of cable wound on the reel of the torque
motor.

The helmet loader system is described by its developers as a
C.4 damped secord order system with a 20 msec steady state time
delay, Figure 4,4.,1-4 illustrates the response to a 50% step., It
can L2 seen from this figure that the 0-90% rise time is approxi-~
mately 50 msec, The system response as stated in the technical
rejuirements for this study specify, as a response to a step in-
put, a 50 msec initial response and a 30 msec rise time (10%-90%
of final value). The NASA helmet loader displays less transport
delay but a slightly longer rise time with the total time lag
being less in the case of the helmet loader.
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Figure 4.4.1-4 Step response (from Ashwort. and McKissick ( 8 )).

This device is scaled to produce 2/3 of the infiight helmet
loads up to a maximum of 6g where the total force exerted is 9
pounds. The developers state that their studies on the DMS have
shown that the "helmet loader has a measurable effect on the
pilot/simulator system". They further state that "subjective data
indicates that the cue provided through the use of the helmet
loader is realistic, and there is no noticeable time delay in the
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presentation of tha cue., However, the pilots had mixed opinions
about the effect of the helmet on their performance."

The device is designed with pilot safety as a censideration
and thereby uses breakaway snaps on the helmet, current and volt-
age 1imitihg and small torque motors to ensure that the pilot does
not experience excess forcese.

The system is driven with a force command from the dArive al-~
gorithm. This algorithm is very straight forward where the com-
manded force is proportional to the aircraft z-body axis accelera-
tion.

Fg = 1.8 (Gg = 1.0) ; C < Py < 9 [Eq. 4.4.1-1]

where Fy is tI helmet commanded force and Gg can be computed from
the expression

32,2

where Kq is the scaling coefficient and is set at 0.667 by Ash-
worth and McKissick. The nejative sign is in recognition of the
fact the positive G, is produced by a negative A2A., Figure
4,4.,1-5 illustrates tie system control loop.

FORCE

CIMMAND )
m—— e CONTKOLLER TORQUE MOTDA HELMET
FORCE FEEDBACK
FORCE
TRANSCUCER
Figure 4.4.1-5 Helmet locader control diagram.
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. One disadvantage to this system is that it does not lend it~
. self to inducing head pitch down resulting from +G, as is des-
E' cribed in section A.4.2. However with the addition of one torque
motor and a helmet attach point at the base of the helmet, pitch
up ¢ould be achiaved as would be expected in +Gy maneuvers, Al-
though the data does not necessarily support this modality, it ap-
3 pcars that there should be head motion in this degree of freedom.

It rnight be worthwhile at a later date to expand the capability of

. this system to accomplish the pitch up capability. Also, the addi-
» tion of one torque motur and isolating the two strings in the cur-
. rent design on separate torque motors to permit Aifferentlal drive
ji i_ as a function of roll acceleration might be beneficial., These
Ef ' would be relatively straightforward modifications to the existing
S design and could yield useful subjective data.

e s

E i ) SKULL PRESSURE FIRMNESS BLADDER

;? ;7 As the aircraft accelerates in a +G; direction the apparent
E& b weight of the helmet increases according to the data of Table

%? . 4.4.1-1, This increase in apparent helmet weight manifests itself
éé . in one way as increased skull pressure. This increase in skull

" pressure is sensed by the flesh pressure senzors in the area over
{ the skull.

! It has been postulated that these sensors can be stimulated
by the use of so-called firmness bladders. These devices, when

. deflated, cause an apparent increase in pressure on the flesh

! pressure sensors much the same as is currently employed in the
ALCOGS G-Seat (143). 1In that device, the firmness bladders are
deflated to cause an apparent increase in pressure on the buttocks
consistent with an increase in +G;. To enhance this cue, the hel-
met would be designed with an exaggeration of the support members

in the helmet such that the localized pressure sensation would be

increased. Figure 4.4.1-6 illustrates the firmness bladder as em-

ployed here for increase in skull pressure to increase in +G,,
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FIRMNESS
BLADDER

L

Figure 3.4.1-6 Helrmet firmneas bladder. Bladder is
. illustrated in cross hatched area.

The device would be pressure controlled with the loop closed
on pressure, Figure 4,4,1-7 illustrates the control system re-
quired to appropriately control the pressure in the firmness blad-
der. The firmness bladder should be 6.5 inches front to back and
S inches side to side and a maximum thickness of 0.75 inches. The
maximum pressure required is 2 psi and the maximum requifed flow
rate for the bladder should be 1 SCFM. If a hydraulic servo con-
trol flow control valve is employed, scavenge air is required at
about 3 SCFM so ‘het the total flow required to the system is ¢
SCFM,., Also a vacuum at =5 psi is required in order to provide ap-
propriate response at the low pressures used here,

SRESSURE
CoNMAND PNEUMATIC RELILE HELMET
| SERVO VALVE FIRMNESS
VALVE SLADDER
PRESSURE
TRANSDUCER |
Figure 4.4.1=7 Helmet firmness bladder control diagram.
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L. The firmness bladder would be driven with a pressure command
such that the pressure in the bladder would be a function of +G;. |
The algorithm would be of the form ﬂ
A2A ;

32.2 g

A modification of this system would be tc employ a loaded helmet
say 10 pounds equally distributed over the helmet and employing an
elevated pressure in the firmness bladder to redistribute the load- j
ing on the skull. This would, when deflated, increase the loading :
on the skull and give a cue of a higher acceleration., (With the

firmness bladder described herein the required pressure at lg i
would be about 0.4 psi.)

) The firmness bladder approach is safe, relatively inexpen- '
sive, and allows for a significant variation in research proto-
cols. It should therefore be given a relatively high priority in

ol a L

- the hierarchy of further investigaiicn.

L CABLE/BOOM AND DROGUE i
- The cable boom and drogue (CBD) approach is an outgrowth of a :;
- rather simple three cable system which would pull down from either 3
i- side and the rear of the helmet., The cables would be driven by :

. helmet mounted torque motors and would be attached to seat back |

{ and harness strapping. Continued assessment of this approach with :
particular attention to improving visual environmental fidelity,

il led to modifications which evolved into the CBD approach. The

' approach is briefly introduced here, but not recommended for Qe-
sign because of its comparative mechanical complexity. The CBD
approach is depicted in Figure 4.4.1-8,

AT R RETMIT  wp  pes
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TSRING STEEL

THIN BRAIDED
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Figure 3.31.1-8 Cable/boom and drogue approach.

The CBD approach employs three main active elements: a !
helmet with active drogue pylon and ultrasonic transducer trans- i
mitters, a lariat for capturing the drogue and securing the boom i
to the helmet, and an air-bearing-mounted drive boom capable of
passive or driven extension and passive or driven pitch and yaw
degrees of freedom about the boom mounting point. Once attached
to the helmet, torque motors at the boom gimbal system would apply
forces through the boom to the helmet in direct proportion to the
stall torgque at commanded current. Pilot head activity is permit-

ted at force levels exceeding commanded force. The commanded IR |
forces can produce all the desired head/helmet goals and would be
controlled so that maximum force available from the system occur- .

red at maximum anticipated simulated acceleration. .
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The helmet would appear very similar to flight issue and
could be donned before or after entering the cockpit., The boom
would be stowed in the full aft up position with the lariat drive
open and the drogue pylon leaves deenergized and in the up posi-
tion. Plugging the helmet headset into the instrument panel would
activate the ultrasonic transducer helmet transmitters and boom
raceivers and cause the boom to extend within the pilot's "blind
spot" and home on the pylon. Excessive pylon/boom relative motion
would cause a pause in the homing. The boom would be driven light-
ly down to the helmet, and upon contact, the drogue capture pylon
leaves would be energized to their horizontal position, trapping
the lariat wires between helmet and pylon leaves., The capture
wormscrew would retract the lariat cable, trapping the pylon be-
tween boom and lariat spring steel spreader. The system would
then exit the capture mode and begin to display computer-generated
(commanded) helmet forces,

Safety would be assured by designing the pylon leaves to
raise if the boom is lifted with a force greater than the maximum
desired lifting force. This would permit the drogue to slip from
the lariat's grasp. Pylon leaf raising and boom up motion would
automatically occur under simulator off conditions or canopy open-

ing.
MAGNETIC FIELD EFFECTS

The magnetic field effects employ the use of magnetic fields
to impose forces on the pilot consistent with the forces of the
high G environment of the simulated aircraft. This approach has
had, for a long time, a certain degree of enchantment because it
does not require any apparatus to be imposed directly on the pilot
thereby maintaining the visual environment fidelity of the simu-
lated cockpit.
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One of the long time concerns for this approach has beer that
of safety, This does not seem to be of great concern currently
because of the short Juration of the exposure. However, the in-
tense magnetic field required could adversely affect other simu-
lator systems. This approach was not pursued to any great extent
in favor of concentrating resources on the more readily adaptable
approaches such as previously described. The approach should not ;
be totally abandoned however., Perhaps some future work could be '
done to further explore magnetic field effects.,
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SUMMARY

It was found that the heavy helmet fluid cavity had signifi-
cant drawbacks in attempting to implement the concept into hard- :
ware which would meet the operating criteria in the high perform- )
ance aircraft environment. The cable, boom and drogue approach ’
and the magnetic field effects approach were discussed and dis- g
carded on the basis of complexity. The localized firmness bladder
was determined to provide cues of a somewhat reduced amplitude but fi
the device is considered worthy of being implemented and subjected ;
to further experimentation. A major drawback is that it only 4
stimulates the flesh pressure sensors and does not provide any '
stimulation of the neck muscle receptors. 1Its main value may be
in providing an enhancement of some other method such as being |
used in conjunction with the NASA helmet loader to counter the f
ambiguity which arises from applying head and helmet apparent ii
weight through the helmet. ; ]

i)
e P i, D e

It appears that the most viable approach to providing head/ i i
neck loading cues is the NASA Langley helmet loader. Primarily i}
because this device has been built and tested and can be modified
fairly readily to achieve higher loadings and additional degrees -
of freedom. Also, when combined with localized firmness bladders, - :
it will provide a useful research device. -




é'- 4.4.1.1 Helmet vs. Head Motion

i! It is shown in section A.4.2,1 that there exists & signi-
ficant amount of relative motion between head and helmet up to
four degrees at 6g mearn for all data. Also demonstrated is a 15
mr vertical derression of the helmet which is probably just the
'i vertical component of the pitch since this data was taken from a
reticle attached to the front of the helmet,

The approach that is recommended here to achieve this move-
ment is via localized firmness bladders in the helmet. Two blad-
ders could be employed and driven differentially to produce helmet
N pitech and in unison to provide vertical helmet motion. Figure
E 7 4,4,1,1-1 illustrates the configuration., The two firmness blad-
ders have the same total area as the one in section 4.4.1. Consid-
ering two bladders of equal size, 3.25 inches front to back and 5
inches side to side, the required stroke would be a half inch.

[ This is within the capability of the 3/4 inch bladder designed in

section 4.4.1, The total flow parameters are the same as for the
I single bladder. Two equivalent HSC valves &f the same (each half
[

TR ST W
.
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=

Figure 4.4.1.1-1 Dual firmness bladder helmet.
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the capacity of the one in section 4.4.1) could be employed. Each
firmness bladder will then be 3.25 inches, front to back by 5
inches, side to side.

The algorithm to drive the two bladders would be given as
follows. The helmet angle is given by

@y = 0 for Gz < 2.0 (Eq. 4.4.1.1~1]

@y = -G, + 2.0 for G, > 2.0 [Eq. 4.4.1,1-2)

The differential vertical excursion of the two bladders is given
by

AZy = Ky(3.25 Tan @ g) [Eq. 4.4.1.1-3]

where Ky is a gain constant to permit reduced amplitude scaling.
Then the forward bladder excursion would be

lHp = Ay [Eq. 4.4.1.1-4)

2

The aft bladder excursion is given by

-2 -
tiy = H [Eq. 4.4.1,1-5)

The pressure for each cell is proportional to the excursion

F
These pressures are about a tiased pressure, as employed in sec-
tion 4.4.1. The control diagram (Figure 4.4.1-7) for the single
bladder is applicable to the dual bladder approach duplicated for
each bladder.
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This approach is recommended siace it can fulfill the require-
ments »f section 4.4.1 as well as this section.

4,4,2 Upper/Lower Arm Loaders

4,4.2.1 Introduction

The reaier will recall that the discussion of Section 3.2
strongly suggested that, in order to obtain useful G induced ex-
tremity loading stimuli, it will be necessary to actually physi-
cally load the extremity in question. It is shown in Section
A.4.1 that acceleration effects operating on the upper arm are
indeed significant and lead to cross loading error wherein, in
horizontal plane reaching movements in the presence of +Gz con-
ditions, the hand falls shcrt of its intended target. With this
in mind the mechanization of arm loading stimuli production re-
quires egquipment configured to exert force or load on the arm
itself and the mechanization must allow load to be individually
placed on upper and lower arms. The following conceptual devel-
opment will be limited to the acceleration loading of primary con-
sequence: +G,.,

Obviously the inherent high degree of arm mobility and the
requirements to exercise this mobility, in the course of piloting
and operating the onboard systems of a tactical aircraft, severely
constrain the arm loading concepts. It is not satisfactory to re-
guire that the arm be confined to a specific attitude or location
in order to permit loading, rather the loader must "follow" arm
motion operating when appropr.ate. Nominally we would expect to
find the upper arm in the neutral position which causes it to be
approximately parallel to the spinal column. In reaching forward
toward cockpit instruments or controls, shoulder flexion (elbow
directed forward) up to 90° can be expected and occasionally may
be accompanied by some adduction (elbow directed transversely
across the body) or abduction (elbow directed transversely away
£rom the body). Shoulder joint forward elevation (elbot
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directed upwards above the horizontal plane) is much less likely
to occur in tactical aircraft Que to the absence of controls above

shoulder height.,

Under high G conditions the mass of the upper arm, when in
the neutral state, increases the load required to be supported by
the shoulder joint and when in flexion, with or without adduction
cr abduction, increases not only load but the torque operating at
the shoulder joint. The load is supported by the skeletal frame
and torso muscular system governing this frame and is likely less
noticeable than the torque which affects the shoulder joint muscu-
lar system alone. Under worst case conditions wherein the arm is
horizontally outstretched (zero degrees elbow flexion, 90° should-
er flexion) and assuming a 5 pound upper arm mass operating 5.5
inches from the shoulder joint and a 5 pound lower arm mass oper-
ating 17.5 inches from the shoulder joint (108), the G, induced
shoulder torgque amounts to approximately 9.5 ft-1lb/g. As the
upper arm is rotated downwards toward the neutral position, the
effective mass moment arm becomes less and the torque diminishes.

Under nominal cockpit conditions, we would expect to find the
lower arm in near 90° flexion (parallel to the horizontal plane
when the upper arm is in the neutral position) and may be rotated
internally (transversely across the body) or in minor amounts
externally (transversely away from the body). Maintaining lower
arm at 90° flexion and raising the upper arm from the neutral
point to 90° flexion causes the lower arm to be vertically
oriented. This position as well as lower arm internal and ex-
ternal rotation from this position produce arm attitudes of a
special nature which impoute constraints affecting the design ap-
proach and will be addressed later.

A typical reaching maneuver requires the upper arm to move in

flexion various amounts from the neutral point toward 90° flexion
while relaxing the lower arm a commensurate amount from 90° flex-
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ion toward zero degrees (arm horizontally extended forward from
1 the shoulder)., The lower arm is generally maintained somewhat
i. parallel to the horizontal plane at the varied amounts of upper
arm flexion. Under these conditions high G effects on the lower
arm increase the load and torque. Considering the lower arm
weight to be 5 pounds operating 6.5 inches from the elbow, 2.7 ;
ft-1b/g of torque is experienced. ]

T

Initially the authors felt that a suitable mechanization é
would employ thin long pneumatic bellows to drive an elbow hinge
A embedded within the flight suit and thus torque the lower arm with
1 respect to the upper arm. This approach was abandoned due to the

problems which arise in accounting for bellows spring rate force :%
which is positionally dependent and would interact with subject
movement of elbow flexion angle and unduly complicate the drive
} model. The characteristics of a torgque motor in which torque or
‘ force, independent of position, is obtained is a much more suit-
y able drive device. The recent introduction of samarium cobalt

motors which display up to five times the torque of similarly 5
- sized Alnico motors makes a torque motor approach feasible. Suyit- 1
i . able force can be generated by devices which are small enough to
be contained on one's person.,

4.4.2,2 Concept

The approach selected is illustrated in Figure 4.4.2-1. Lower
arm torque is provided by a pancake torque motor embedded withia a
flight suit modified with additional zippers to permit ease of
entry. The torgue motor transmits torque to the arms via an ar-

PR
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rangement of plastic stays and struts sewn between the cloth lay-

. ers of the flight suit. The weight of the.assembly is estimated

5 to be 2,75 to 3.0 pounds. Upper arm loading is provided by a
torque motor driven tether line shown here embedded within the

b flight suit slightly above waist line, This unit will sexve to

create shoulder torque, load the upper arm, and retard forward
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movement of the

MODIFIED FLIGHT SUIT

ZIPPERED FLIGHT SUIT ARUS

LOADER STAYS AND STRUTS
SEWN IM FLIGHT SUIT

LOWER ARM LOADER MOTOR
UPPEAR ARM LOADER AND WINDLASS

Fiagure 4.4.2-1 Arm loader arrangement.

elbow. The unit is shown situated in the flight

suit wh~re no special action is required to hook tether to arm;
howe'. the unit could bhe seat frame mounted and tether secured

after ' = pilot
ferable in _.hat
any event,. a DC
required cad if
sary to  »Hvide

Figure 4.4.
Inland Motor samarium cobalt stator and rotor assembly is sup-
ported in a housing designed specifically for this application.
The rotor transmits torque to the outer housing and lower arm
strut and stays through a servo loop torque load cell which serves
as an internal motor shaft., A Lebow 25 foot-pound torque load

enters the cockpit., The former approach is pre-
one less unnatural pilot action is required. 1In
electrical connection to the flight suit will be
undue duty cycles are encountered it may be neces-
cooling medium to the torgue motors and this will

represent an additional flight suit connection. The tether loader
‘weight is estimated to be 1.0 pound.

2-2 is a detail of the lower arm loader, An
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UPPER ARM LOADER
LOAD CELL

SEGMENT

e o e o

. s
i 1 LOAD CELL COMMUTATOR UPPER ARM LOADER :
k " SITE (IF REQUIRED) TETHER ATTACH POINT 1

l Figure 4.4.2-2 Lower arm loader rnotor detail. ;

cell dimensionally fits this application and is used to close the
lower arm loader servo loop. Since it is necessary to position
the torgue load cell between rotor and lower arm strut, it must
rotate through the lower arm flexion range of 0-145 degrees. Thus §
o it may be necessary to commutate the torque load cell leads. 5

1
LT N T PR

Althouzah not shown, it is possible to insert motor stops to
prevent torquing the elbow intc the hyperextension. A device for
rotor/stator angular displacement can also be accommodated and
would take the form of a wire wound or carbon filament element
situated either close to the above mentioned commutator or around
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the outside of the stator. The wiper arm would be either rotor
meanted in the first instance or mounted to the inside of the
outer housing in the latter case,

Under +8 G, loading conditions, it is barely possible to
raise the arm off its support area (24). Using this value as the:
maximum, elbow torque can approach 21.6 foot-pounds. The lower
arm torgue motor is capable of 4.5 foot-pounds of peak tovque
thereby providing a simulation system loading scale factor of 20%.
Maximum subject induced elbow velocity is taken as 3.9 rad/sec '
(175) whereas the maximum no-load motor velocity is more than
sufficient at 139 rad/sec. Likewise motor no-load acceleration of
over 10,000 rad/sec2 is much higher than peak 16,0 rad/sec2 elbow
flexion acceleration (175).
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In that the motor is used as a force producer with very 1lit-
tle positional displacement, temperature rise is of some concern,
-} however, this is difficult to predict unless realistic duty cycles
| are available. Simulation of the 100 second acceleration profile
j given in Figure 1,1-3, assuming the lower arm is maintained near
horizontal and peak available torgue is to be applied at the peaks
. of the acceleration profile, would result in a 50°C motor temper-
E ature rise. This indicates that, as a minimum, thermal overrides

and thermal insulation along the subject side of the mo'or housing : E
will be required. Whether an auxiliary cooling medium is required : f
cannot be ascertained at this time. é

S o A 3 Gt et S

b | The gide view of the lower arm loader shows the position of

g the upper arm loader load cell. A Schaevitz tensile load cell is

attached to the upper arm strut and connected via cable-in-guide-

tube to a bail protruding from the back of the flight suit elbow i
some 14 inches from the shoulder. The load cell is used to close '
the upper arm tether force servo loop. The monofilament tether ﬁ
extends from an eyelet in the side of the flight suit approxi- -
mately 14 inches below the shoulder joint and is attached to the
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above bail. Figure 4.4.2-3 is an illustration of the upper arm
loader which is to be situated within the sides of the flight suit
and to which the tether is attached., The assembly is a torque
motor driven geared windlass which retracts the tether and applies
force to the lower arm loader assembly. A small amount of bias
torque is always present in order to keep the tether taut and
avoid fouling.

TETHER
MONAFILAMENT LINE

FLEXIBLE BACKING
SECURE WITHIN FLIGHT SUIT

WINDLASS (GEARED
1:3 OFF MOTOR)

TORQUE MOTOR

TETHER EXTENTION POTENTIOMETER
(GEARED 1': 3 OFF WINDLASS)

Fiqure 4.4.2-3 Upper arm loader windlass mechanism.

A ten turn CEC followup potentiometer is further geared off
the windlass to provide a measure of tether line extention which
in turn permits computation of upper arm flexion or sbduction an-
gles. Two principle parameters are employed in sizing this torque
assembly. First, under +8 G; conditions when the upper and lower
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arm is horizontally extended, the torque at the shoulder is 76.6
foot-1lbs, Maintaining the simulation device consistently scaled
at 20% for both upper and lower arm torgquers reduces the 76,6
ft-1b., maximum torque to 15.32 ft-1lbs. which requires a peak
tether line force of 18.5 pounds. Assuming a maximum upper arm ;

forward elevation of 25° (above horizontal) 23 inches of tether .
line is required and adopting a design goal of limiting windlass j
turns to 20 or less yields a windlass diameter of 0,366 inches and )
a maximum windlass torque of 54.3 oz-in. K

The second parameter of importance is to select a gearing
reduction factor which will satisfactorily relax motor torque
requirements to reduce undue thermal effects yet provide a wind-
lass rotational retract velocity which accommodates peak shoulder
joint velocities. The peak shoulder joint velocity is taken as
175°/sec (175) which can produce a maximum tether line velocity of
approximately 42 inches/second. Selecting a gearing ratio of 3.1
(motor to windlass) reduces the peak motor torque requirement to
18.1 oz. in., and establishes a peak motor velocity requirement of
688 rad/second. The selected Inland Motor samarium cobalt motor
is very compact and displays a peak stall torque of 30 oz-in and a
maximum rotational velocity of 730 rad/second. The latter figure
implies a maximum tether line velocity of 44 inches/second which
is greater than that required by only a small margin. The config-
uration allows a theoretical no-load acceleration capability of
6535 in/sec® at the tether line which is well above the 183
in/sec2 anticipated as resulting from peak shoulder joint
acceleration of 750°/sec2 (175).

Even though a large gearing ratio was selected to suppress
peak motor torque requirements, and the selected motor has a high |
motor constant yet modest thermal constant, heating can pose a
problem, As is the case with the lower arm torquer, heating is
directly affected by duty cycle. Employing the same acceleration
profile of Figure l.1-3 used to evaluate the lower arm loader

1
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thermal increase yields an upper arm loader temperature increase
of 55°C for the 100 second profile. Thermal overrides will defin-
ately be required and, similar to the lower arm loader, external
cooling may also be required,

4.4.2,3 Drive Scheme

B LTSI T AT 4 Qe W e 3 T T e T e e

r As was mentioned in Section 4.4.2.1, +G; load induced torque :
experienced at the shoulder and elbow joints is most pronounced 3
i § ' when the arm segment in guestion is maintained in the horizontal
%; ' plane where in the effective mass moment arm is largest. A know-
1 ; ledge of the attitude of these arm segments is therefore us=2ful in
f . increasing the fidelity of the drive signals provided by the

P - torque motors. It should also be apparent that there exists an
interrelationship between lower and upper arm loaders in addition

Lt -,

;. to the obvious fact that the upper arm loader must account for the %
load imposed by the lower arm on the upper arm. In lower arm at- 3
:i i- titudes, where the lower arm torquer is activated, it is necessary é
{ ) to commensurately increase the tension in the upper arm loader %
E‘ i tether line to appropriately represent the lower arm mass moment- ‘
1 5 arm effect upon the shoulder joint.
i L The following discussion assumes the attitude of lower arm é
.- with respect to upper arm is made available by an angular follow- @

. -up device included within the lower arm loader. The output of 4
this device, elbow flexion angle S, is measured from the 90° elbow
flexion angle (0° at 90° elbow flexion) and increases positively
as elbow flexion reduces from 97°, Secondly, shoulder flexion
and/or abduction angle is a function of the amount of tether line
extended, X measured in feet, and is made available by the upper
arm loader windlass potentiometer,
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-119-




B L TN

"he drive equation for the lower arm torque motor is derived

as? 5

b o 1 e o]t it i

T = Cos(2Sin-1(f%)-S)(2.7)(K)

E

(Gz-l) (S.F.) ft-lbs.

[ch 404.2.3-1]

= o P ORI e i 16 7 = 1 g
=

where:

a) Gz is limited or scaled not to exceed 8 G, input.

DI R —

b) L is shoulder joint to tether line elbow attach point !
distance taken herein as 1,1666 feet.

c) K is a potential attenuation factor to be discussed
later.,

W LT it Re i Rt Y
A————

q) S.F. is the previously introduced simulation scale
factor of 0.2,

The expression demonstrates that when the upper arm is left in the E
neutral position (X =~ O0) and elbow flexion is 90° (S = 0), condi- j
tions wherein the lower arm lies in the horizontal plane, elbow i
torque is 2,7 ft-1bs/g and employing the simulation scale factor i
of 0.2 the torgue motor will be driven at 0,54 ft-lbs/g. As the 5
upper arm is raised to 90° flexion (X = 1,65 feet) while holding
the elbow crooked at 90° flexion (S = O), the commanded torque
relaxes appropriately following the cosine function. As the lower
arm is allowed to fall forward from this position (S - 90°) as if
in reaching, the lower arm is no longer perpendicular to the hori-
zontal plane and a commensurate increase in elbow torque is exper-

ienced. - ]
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The drive equation for tether line force accounts for the
force application angle formed by the upper arm and tether and is
derived as:

Fo= | (6.875) (X) (s.F.) + TE
2 T2
AL

[Eq. 4.4.2,3-2)

where C is the residual tether anti-fouling force and the other
terms are as defined above.

The expressiun demonstrates that when holding the arm ex-
tended forward at shoulder level (90° shoulder flexion or X = 1,65
feet, 0° elbow flexion) where elbow torque T is 0.54 ft-1lbs/gq,
the tether force is 2.32 lbs/g. . This force applied at a 45° angle
to the upper arm L feet from the shoulder joint produces a should-
er terque of 1.91 ft-1lbs/g or 20% (simulation scale factor) of the
9.57 £t-1bs/g expected for this case. Raising the lower arm to
the vertical state (90° flexion) while holding the upper arm
raised -at 90° flexion drives Ty to zero and reduces Fp to 1.66 lbs
producing a shoulder torque of 1,375 ft-1lbs/g or 20% (simulation
scale factor) of the 6,875 f£t-1lbs/g expected of this case.

Holding the lower arm perpendicular to the upper arm (90°
elbow flexion) as above while allowing the upper arm to sag from
90° flexion to 45° flexion should cause torgue to build in the
elbow which is reflected as an increased torque at the shoulder
joint. Simultaneously the contribution of shoulder joint torque
made by the upper arm should decrease as the upper arm mass moment
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arm decreases to .707 of its former value due to the upper arm
flexion angle of 45 degrees, In this movement S remains at zero
degrees while X reduces to 0.892 feet. Tg increases to 0.38
ft-1bs/g and Fp reduces to 1.25 1lbs/g which due to the new angle
the tether makes with the upper arm (67.5°) yields a shoulder
joint torque of 1.34 ft-lbs/g. Toth elbow and shoulder joint
torque values, 0.38 and 1.34 ft-1lbs/g, are 20% (simulation scale
factor) of their expected "real world" values ror this arm posi-

L tion.

In Section 4.4.2.1 it was noted that an arm attitude in which
the upper arm is directed forward (90° shoulder joint flexion) and
the lower arm is directed upwards with respect to the upper arm
(90° elbow flexion) presents special problems. If the lower arm
is angled forward from this positicn (decreacse in elbow flexion)
the lower arm loader torque, Tg, will appropriately increase under
+G; conditions. However should the lower arm be rotated inter-
nally from the upright position the plane of elbow flexion moves
from the vertical plane towafd the horizontal plane. Lower arm
loader torque under these conditions will produce forces ca the
lower arm with significant horizontal components which are, of
course, inappropriate under +G; conditions. The higher the elbow
is held (large upper arm flexion angles), the larger are the
unwanted horizontal components.

This problem could be eliminated if a convenient method of
monitoring elbow rotation (not flexion) could be designed into the
apparatus. We have not found the type of monitoring device we
seek: one .which, with minimum encumberance, provides a progressive
measure of lower arm internal rotation. However a useful discrete
measure might be available through the use of mercury switches
strategically located along the torso side of the arm loader
plastic stays. When these switches (gravity vector detectors)
detect that the plane of elbow flexion is no longer substantially
vertical, the drive to the lower arm loader, Tg, could be set to
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zero. It would be appropriate, in the software, to employ this
discrete sensor in a ramp network to avoid step discontinuities in
Tgp. The output of the ramp circuit would control the value of the
attenuator, K, found in the expression for Tgp. The suitability of
this approach can only be determined through experimentation.

A second simpler, but less desirable, approach to this prob-
lem is based on the recognition that the severity of the problem
is related to thL. magnitude of upper arm flexion or abduction
which, as already described, is known by monitoring X, tether line
extension. Under this approach the attenuation factor, K, would
be computed based on the magnitude of X such that further increas-
es above some predetermined upper arm flexion/abuction angle re-
sults in a proportionate attentuation in elbow torque. This lat-
ter approach suffers, of course, from its arbitrary nature and can
reduce lower arm loading in arm reaching conditions when the plane
of elbow flexion is maintained vertical and lower arm load reduc-
tion is unwanted.

One of the merits of the arm loader embodiment wherein the
loaders are fully contained within the flight suit and powered
through the personal leads block is that no additional impediments
to cockpit ingress/egress are posed by the device. The direction
of upper arm force application should not create safety problems
and if appropriate lower arm torque motor stops are employed,
hyﬁertension conditions can be avoided. The peak torque employed
are low enough that, under maximum drive but in the lg environ-
ment, the subject can readily overpower the loaders. To avoid
safety problems which might arise in a loader system inadvertently
entering instability it may be advisable to construct a network
which can monitor polarity changes and rate of change of position-
al followup with a trigger to cause the system to be decoupled
from power in the event of frequency or amplitudes judged dan-
gerous,
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4,5 Tactile Devices

4,5,.1 Shoulder Harness

Tactile stimuli are likely experienced in the shoulder har-
ness area of a pilot subjected to certain high G conditions and
are caused by inertial loading on the upper torso. Present simu-
lation techniques employing the G-Seat provide a part of these
shoulder harness cues by causing bodily movement within the har-
ness., These cues could be made more pronounced by adjusting the
tension of the shoulder straps themselves. The design of most
current shoulder harness assemblies employ an inertia reel which,
when the pilot places his harness in the "automatic” mode, allows
relatively unimpeded harness extension/contraction at the pilot's
discretion up to the 1.5 - 3.0g region at which time the harness
automatically locks securing the pilot from additional movement.
A "locked" mode is also available to the pilot which simply re-
moves the automatic feature and, when selected by the pilot, se-
cures the shoulder harness against extension/contraction,

By the nature of the inertia reel device operating features,
when in the automatic mode the inertia reel will automatically
lock when subjected to a range of 1.5 = 3g inertia load. Within
the simulation this would be the actuation point for the automatic
mode harness force application. 1In order to insure proper opera-
tion of the shoulder harness device, the inertia reel must have a
software~controlled electrically operated positive lock feature
which will lock at the threshold in the automatic mode or can be
manually overridden to the locked state by the conventional means
the pilot uses to lock his harness, This locking action permits
force to be applied to the shoulders.

The harness belt mechanism would consist of the inertia reel

device in a locked mode during high G periods, a cable extending
from the inertia reel to the end of the shoulder strap, pulleys to
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i guide the cable, servo actuator to drive the belt during high G
conditions and a shear pin safety device, If possible the shear
pin assembly should be located at the forward ends of the shoulder
harness (end employed by the pilot in strapping himself into the
cockpit) for accessibility reasons,

T

The shoulder straps would be driven individually or in unison
so that either equal force or differential forces may be applied
as demanded by the situation. Preliminary inspection of commonly
employed ejection seats indicates adequate room exists on the back
outboard vertical surface of the seat backrest to mount the neces-
- sary components. Initially the authors felt that a capability to
‘ move the straps laterally on the pilots' shoulders might be valu-
13 }_ able. We nave found nothing which counters this position however
f the overall lack of information concerning the pertinence of
15 shoulder harness tactical stimuli suggests that the system initi~‘

ally shculd not be overly complex with additicnal capability.

S TN AR T v e W s

As earlier mentioned shoulder strap forces simulated as a
consequence of accelerated flight are permitted to occur only when
the 1nertia reel is locked either by pilot manual intervention or
by the G level. During unlocked periods shoulder strap forces are
permitted to vary based on pilot movement within the seat. On the
other hand, once locked, the simulation would call for impressing
.a strap force in a direct relationship to G lLevel. The potential
for strap force discontinuities in moving from the variable force
(unlccked) to the simulated force (locked) state is minimized and
the simulation made simpler by employing a servo loop closed on
position rather than force., During unlocked conditions the strap
tension actuator would be held in the midpoint of its travel and
the strap permitted to nove over this point according to pilot
movement and inertial reel tension. Upon inertial reel locking
the strap tension actuator would be driven, bidirectionally, ac-
cording to G conditions providing smooth force build up or relax-
ation from those levels extant at the point when the inertia reel
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§| is locked. The position servo loop approach also circumvents
problems arising from intersubject strap tension variations and
right and left shoulder strap force variation observed within a
subject as reported by M. C, Champion (37)., The position servo
loop approach also permits subject induced force variation to

A i

b occur naturally.

shoulder harness system as located on the aft side of the back-

allows 18 inches of strap movement in an automatic mode. This

SHOULDER
STRAP
/ STRAP LOADER
l /
[l I MOVEABLE PULLEY
CABLE

d COMPUTER ACTIVATED
SOLENGID CABLE LOCK
INERTIA REEL
r/”’,‘/”
Figure 4,5.1=-1 Functional layout of shoulder harness

tension system.
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Figure 4.5.1~1 illustrates the functional arrangement of the

rest, A typical shoulder strap system has an inertia reel which
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inertia reel will lock up bhetween 1.5 and 3g inertia load. How-
ever, this lockup feature, in automatic mode, will reset when the
inertia load is relaxed. To avoid inadvertent release of this
lock, there must be solenoid lock energized as part of the inertia
reel during high G activity. Duplicate driven belt systems are
required.

A cable is attached from the inertia reel output to the
shoulder strap. The cable first passes over a fixed-position
pulley and then over a movable pulley which is part of the servo
actuator assembly. With the strap in the locked position, the
servo actuator package will provide the necessary belt tightening
forces by displacing the pulley, thus pulling on the cable. Re-
laxation of the straps is also possible by extension of the actu-
ator.

The strap driver illustrated in Figure 4.5.1-2 is provided as
an example of a modification to an existing position servo actua-
tor design which could be employed to vary strap tension by alter-
ing the position of the movable pulley. Two inches of strap move-
ment would be provided by this design. Strap tension would be in-~
creased for -Gy and -G; conditions and assuming a worst case
condition of -1Gy operating on the pilots upper torso. Under
inertia reel locked conditions, a maximum strap tension of 50
pounds must be developed. The example design employs a hydraulic
actuator to meet these force requirements and provide rapid re-
sponse.

4,5,2 Skin Temperature Driver

In section A.6.2, a case for tlLe existence of pressure/temp-
erature relationships is advanced and it is suggested that mild
temperature stimulation could enhance the sensation of pressure,
Further it is noted that conflicting evidence exists concerning
whether elevated or depressed temperature levels intensify the
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Figure «.3.1«2 Example shoulder harn\ess loader.

perception of pressure which increases the importance in advancing ; i
a bidivectionally driven mechanization concept. The approach put

forth herein involves embedding bidirectional thermoelectric i
modules in the -~ gcan - . tion of the cockpit seat such that the

ischial tuberosity region of a seated subject's buttocks are 'l
brought in close proximity to the thermoelectric modules. The ;
i;chial tuberosity region 's selected based on the presumption -l : §
that this bony region resr- .ds with the most intense pressure . ]
sensation under high G loading.
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The thermoelectric modules suggested for use are thin wafers
nominally measuring approximately 0.2 inch thick by 1,0 inch
square. A typical module is illustrated in Figure 4.5.2-1,
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Figure 4.5.2-1 Typical thermoelectric module.

These s0lid state devices are miniature heat pumps which operate ,
’ on the principle of the Peltier effect. Jean C. A. Peltier in @
1834 found that the passage of an electrical current through the
junction of two dissimilar conductors in a certain direction pro-
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- duced a cooling effect and when in the opposite direction, a heat-
3- ing effect. In a thermoelectric cooler, semiconductor materials
with dissimilar characteristics are connected electrically in
series and thermally in parallel so that two junctions, a couple,
are formed. The semi-conductor materials are N- and P-type, Heat
absorbed at the "cold" junction is pumped to the “hot" junction at
a rate proportional to carrier curreat passing through the circuit

from a D,C. source.

Couples are added serially to increase aeat transport capa-
bility as shown in the module cross section of Figure 4.5.2-2,
Current reversal causes the device to be usable as either a heat
pump for heating an object or a heat pipe for cooling that same _
object by reversing heat flow. ?

-129-

L T S UF U -1



- R

T TR OIS R R { YRR
; f

HEAT ABSORBED (COLN JUNCTION)

o

DEAT REJECTED _ (HOT JUNGTION) |
1] e
DC SOURCE
Figure 3.5.2-2 Thermoelectric module cross-section.

A plurality of modules may be arranged in mosaic form to in-
crease area of coverage or stacked vertically to increase thermal
range. Our application will require but one level however a 3 x 3
mosaic composed of nine modules is suggested to form a 3.73 inch
square, 0.2 inch thick heating/cooling assembly. Two assemblies,
one per tuberosity, would be employed in the seat pan. This size
assembly is compatible with the pneumatic bellows G-seat in tkat a
3.75 inch square thermal assembly can be rigidly affixed to the
top of the 3.88 inch square bellows top plate stationed beneath
each of the tuberosities., To reduce thermal resistivity, the
closed foam pad normally over-lying the bellows would be cut out
and eliminated in the area of the tuberosity bellows. The thermo-
electric assemblies will ride on the bellows in this cutout area,
The ailr driven metal bellows will form a good heat sink for heat

rejected from the system.

The approach is also compatible witch the USAF Human Resources
Laboratory Advanced G Cuing System G-Seat, In this implementation
the thermoelectric assembly would be rigidly affixed to the metal
seat pan moving plane in the region of the tuberosities., The mov-
ing plane will form a heat sink/source for the device. Firmness
bladder employed in this type of G-seat design would overlay the
thermoelectric assemblies and due to the firmness bladder drive
philosophy which calls for deflation under simulated G load, would
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not pose appreclable additional thermoresistivity hetween thermo-
electric assembly and buttocks,

e

¢ Figure 4.5.2-3 depicts a typical installation, the bidirec-

; tional mode of the device, and the heat flow capability of a typi-
E; cal thermoelectric assembly applied to our case, Data presented
Ei in this figure and the preliminary tlime response analysis pre-

' sented in this section is based on a number of assumptions which
will be introduced as needed., The initial assumption pertains to
buttocks and seat nominal temperature, It is assumed that the
%i e seat (thermoelectric device mounting surface) heat sink/source is
E' P maintained at approximately 20°C (68°F). The nominal temperature
E , of the buttocks is taken from Parker (194) as 34.6°C (94.4°F),.
The heat flow capabilities tabulatd in Figure 4.5.2-3 demonstrate
asymmetry between heating and cooling. Energy is expended in cre-
ating the heat flow condition and this energy, Joule effect, is
transported in the direction of the heat sink. In the heat pump

;
1
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T mode the buttock forms the heat sink however, in the cooling mode, H
3 i
' the seat assenmbly is the heat sink. )
4
7 ISCHIAL
ISCHIAL )
i_ TUBEROSITY TUBEROSITY o
r — BUTTOCK H.‘ “.;‘ 8UTTOCK
3" FOAM PAD AT FOAM PAD : DO
—T ¢ ——p :
THERMOELECTRIC { ac Y 1 % |

ASSEMBLY G SEAT BELLOWS THERMOELECTRIC G SEAT BELLOWS. g
— ASSEMBLY e i'
T 77 7277
AS A HEAT PIPE AS A HEAT PUMP E
| &
CURRENT (A). j
Q, BTUMHR 0-4VDC Q,, BTU/HR ‘ i
288 2 162 ?
440 4 480 i

840 6 %0

800 8 1180

812 10 1700

F.qure 3,5.2-3 Typical thermoelectric assembly installation

and heat flow capability.
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Two aspects of safety have been considered, First, it is ap-
parent that required amperage levels are quite high even though
voltage is maintained in a low region of 0-4 volts. Concern for
shock hazard should be tempered by the fact that, although the
thermoelectric device itself is electrically insulated from its
environment (top and bottom plates are thermoconductors, not elec-
trical conductors), an additional measure of insulation is pro-
vided by the seat upholstery and subject clothing. Further the
power source is direct current, One might accord the thermoelec-
tric device power the same respect gshown in handling an automobile

battery.

A second safety consideration involves acceptable levels of
heat input/extraction from the surface of the body. Woodcock
(266) in reporting on experimentation involving the applicatioﬁ of
heat to localized sections of the body advocates, in general, that
heat flow be maintained at not greater than 51 BTU/hr.-ft2 or
approximately 5 BTU/hr for the area of the applicator suggested
herein. We suspect that this limit is criented more toward pos-
sible wide field application of heat rather than the small 3,75
inch square area under consideration herein. In one of Woodcock's
experiments a similar sized applicator (10 cm x 10 cm) was used
without adverse effects to provide 22 BTU/hr to the buttocks over
10-20 minute periods. 1In that our application would involve heat
flow periods of much shorter duration we suggest the larger figure
(22 BTU/hr) 1is acceptable,

In a related aspect, Woodcock notes that the subjective as-
sessment of "hot" was associated with a buttock skin temperature
of 41.1°C or 6.8°C above that which we have assumed to be normal,
Further, subjects reported "slightly warm" at 37.9°C in the back
area, In that we wish to subtly employ temperature to attempt to
augment pressure sensation hut not forcefully ellicit perceptions
of warmth and cold, even the latter temperature of 37.9°C, or
3.3°C above normal, is probably much larger than that sought in
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this application., Parker (194) indicates that sensations of
warmth and cold occur with skin temperature changes of 0,008°C and
.004°C, respectively, with a latency of 3 seconds. Mueller (178)
suggest a comparable figure of 0.,1°C, However, neither Parker nor
Mueller indicate the magnitude of surface area over which these
thresholds are applicable, Based on the preceding, we will assume
that the maximum skin temperature change sought over the area of
our applicator is +l1.0°C,

Although it might be possible to instrument subjects in the
laboratory environment such that skin temperature is known an? can
be employed in the thermoelectric assembly control loop, this
would be unacceptable in the line simulation envircnment, The
next best control, admittedly less precise due to subject vari-
ability, is to control thermoelectric assembly plate temperature
according %o profiles which nominally produce desired skin temper-
ature. The laboratory version should employ this approach as well
to validate not only the usefulness of temperature as an augmenta-
tion of pressure but also the acceptability of this type of temper-
ature control when dealing with a variety of subjects. The con-
trol loop suggested is diagrammed in Figure 4.5.2-4 and simply
represents a temperature controller closed on plate temperature.

PLATE TEMPERATURE - V " THERMOGOUPLE |
TEMPERATURE
B . VOLTAGE TO VOLTAGE
TEMPERATURE COMMAND-V TO | _ ITHERMOELECTRIC
CURRENT AJSEMBLY
DRIVER
Figure 4,5.2-¢ Thermoelectric assembly control loop.

A preliminary analysis of skin thermal response to the ther-~
moelectric assembly has been conducted based on the model depicted
in Figure 4,5.2-5, The analysis is based on employing a thermo-
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elactric assembly composed of nine Cambion®3958-01 thermo-
electric modules each containing 31 couples,

+Q,, - FLESH THERMAL CONDUCTION

INTEANAL “ HEAT FLOW BTU/HR

TEMP T, =
p—— F———— stauctune
—e—— m—————e e g#EILLARY BEO

SKIN TEMPERATURE SENSOR REGION Al

SKIN TEMP
T \\\

-FLIGHT SUIT UNDERWEAR
SEAT UPHOLSTERY

#Qé CONDUCTIVE HEAT' -
FLOW THROUGH UPHOLSTERY

PLATE TEMP——___
T, T — -
P 'H EFF. MASS OF DRIVER ' AND GLOTHING BTU/M

THERMOELECTRIC
ASSEMBLY +Q,, - HEAT FLOW OF
2e0L0” SIDE——"" e MODULE 8TU/HR
MP =Ty BELLOWS
Figure 4.5.2-5 Ischial tuberosity heat flow diagram.

The assumptions and constants employed in this analysis are

as follows:
a) Bellow source/sink temperature = 20°C constant

4

b) Buttocks vascular bed temperature = 34.6°C constant
c) Median thermoelectric module temperature = 30°C constant

a) (Mass) (Specific Heat of Thermal Electric Module) =
(9.486 x 10™4) (0.00527 «x T, + 2.427) BTU/°C
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3[‘ e) Flight Suit & Underwear Clo Factor = 0.7

;5 £) Seat Upholstery Clo Factor = 0.8

Thermal Conductivity of e) & £) = K/L = 1,364 BTU/Hr-
fr2-oC | |
g) Skin Thickness = 0,2 inch (from 194)
o Skin Specific Gravity = 1.1 (from 194)
L Skin Mass = 0,111 1lbs.

R o Gt s R

Lpadpd s

h) Flesh Therﬁal Conductance = 7,37 BTU/ftz-Hr-°C
Thickness = 2 cm @ mean vasoconstriction (from 194)

A 100 second doublet profile was used for current at various

magnitudes. Figure 4.5.2~6 illustrates the theoretical change in '2
skin temperature as a function of time for various thermoelectric

———

I current magnitudes. As anticipated, the usefulness of the skin
i temperature driver in augmenting short term transient G loading

5 NOTE: ‘:‘ o
INITIAL SKIN TEMPERATURE

=348%°C

ASKIN TEMPERATURE ~° ¢

TIME ~~SEC=

Figure 4.5.2-€ Skin temperature change resulting from
current doublet of various magnitudes.
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pressure sensation appears guestionable, However, the response
appears suitable for use as a low pass component in the long term
G loading shown in Figures 1,1-1, 2 and 3, The thermal operating
bounds of the thermoelectric assembly have been taken as +125°C
and Figure 4.5.2-7 demonstrates that, in the heat pump mode, the
higher current levels can be maintained only briefly to hasten
temperature change with low levels used thereafter to maintain

temperature levels,

10A 8 8 THERMAL
400 OPERATION
e ¥ BOUND
350
« 2
?
w 200
2
g 1 20 30 40 50] 60 70
w 250t 10 TIME ~SEC
5
o
00}
THERMAL
150 QPERATION
BOUND
Figire 4.5.2-7 Thermoelectric module plate temperature

{(under current doublet).

Heat flow resistivity of seat upholstery and flight suit form
a major system constraint., Respoinse and range ®f skin temperature
change will obviously decrease if heavier clothing is worn by the
subject. On the other hand the thermal conductivity factors used
in this analysis demonstrate that heat uptake is limited to 10
BTU/hr at A skin temperature of 1°C, our maximum range of inter-
est, In contrast to the upholstery and clothing heat flow resis-
tivity, the thermal conductance of flesh is relatively high de-
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f~}: pressing the range in which skin temperature may be driven., A

. value of tissue thermal conductance for mean conditions of vaso-
1 constriction was employed herein. For full vasoconstriction the
P amplitude of the curves in Figure 4.5.2-6 would be doubled and for
full vasodiliation the amplitude would bhe halved.

The drive acheme to be employed will obviously relate temper-
v ature change to G load. However, as earlier mentioned, there is
‘question concerning the sign sense of appropriate drive., Addi-

L tional unknown factors involve the import of temperature thres-
hold, the magnitude by which this threshold may beneficially be §
exceeded, and the role of temperature adaptation and the latitude ;
this effect may permit in obtaining temperature augmented pressure
sensation. We would suggest that a simple linear relationship be-
tween G load and temperature command form the initial drive scheme
with alteration to occur as a function of experimental results.
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4.5.3 Face Mask Loader

Bbidl

The photographs of face mask slippage presented in Figures a
A.6.1-1 and A.6,1-2 lead us to believe that tactical stimuli, o
probably predominantly experienced as skin tension variation, :
occur under high G conditions due to inertial loading of the face E
mask worn by the pilot. The facial area is noted for low thres-
holds of tactile perception (178). The mechanism suggested herein
provides a means to artifically load the face mask assembly in
concert with simulated G loading.

-

&
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The approach selected involves placing a downward force on
the face mask by means of a miniature torque motor and windlass
housed in a G-suit modified for such purpose. The concept is il-
lustrated in Figure 4.5.3-1, 1In this arrangement the torque motor
drives the windlass around which is wound a monofilament tension
line which leads upwards along the pilot's gig line to the face
mask. The upper end of the tension line is terminated in a clip

i 5 R A T 1R
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FACE MASK

FORCE TRANSDUCEK
cLIP

TENSION LINE

TORQUE MOTOR POUCH
IN MODIFIED G SUIT

TORQUE MOTOR

= WINDLASS
MOTOR MOUNT STRUTS

G SUIT STOMACH
BLADDER

Figure 4.5.3-1 Face mask loader arrangement.

which must be snapped over a bail on the lower end of a force
transducer which igs secured to the lower surface of the face mask.
The subject, after seating himself and securing the face mask to
the helmet, must withdraw the c¢clip from the G-suit pouch and snap
it over the force transducer bail. Obviously this act is a depar-
ture from real world flight preparation procedure and therefore
may compromise line-simulation utilization of this concept. The
magnitude of this discrepancy is small enough to pose no problems
in a laboratory environment. Considerable thought was given to
other embodiments which might eliminate or disguise any unnatural
act however none was found more favorable,

The servo loop advanced herein is closed on tension line

force by a force transducer mounted on the underside of the face
mask, Although it should be possible to operate the system in

-138-
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f!. open loop form and simply drive the torgue motor with a scaled
version of +G; loading, the closed loop form will allow more
uniform force application in the presence of pilot head movemcnts.
The force transducer site is selected based on simplicity, unob-
trusiveness, and that the elactrical leads may be routed along

" with the face mask leads and therefore require no unnatural act in
; preparing the system for operation. Likewise the location of the
2 b tension line is unobtrusive and minimizes probability of fouling.

i
.
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. The torque motor/windlass assembly illustrated in Figure

y- 4.5.3-2 measures approximately 1 x 1 x 2 inches and could be con-
: i. cealed within and secured to the subject's flight suit, This loca- ]
) tion is unfavorable since, depending on the manner in which the '
} G-suit is worn, the torgue motor might become trapped between
stcmach bladder and the body which, at best, would be noticeable
and at worst, wainful., Locating the torque motor assembly within

L

b bl s+ s 0 2

TENSION LINE CLIP

- TENSION LINE .

/ SEM! RIGID BACKER :
—d— (SECURE TO G SUIT) -

"\FORCE DISTRIBUTION L)
STRAPS

A T A

Figure 4.5.3=2 Face mask loader motor.
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a modified G-suit eliminates thin problem and has the following
additional attributes: : =

. a) Reactive forces due to torque motor activity operating
£ ’ - on the suit are masked by the natural activity of G-suit ‘
bladder inflation affiliated with +G, loading condi- 'g

tions.,

e ]
i

E; b) A scurce of airmiS‘naturally made available in close
proximity to the torque motor should cooling be re-

Ak i o i Ll LS ALt i

quired.,

c) The torque motor power leads may be dressed inside the

: G-suit pneumatic supply hose and terminated in such a

i way as to be automatically made by the subject during
G-suit hookup at preflight.
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? 5 In preliminarily sizing the torgue motor, the authors assumed i
E that the pilot could induce peak vertical motion of the face mask
] over a maximum distance of 5 inches at peak velocity of 5 inches/
sec and acceleration of 10 inches/second2. Although military

specifications were searched, face mask weights were not found and %
two pounds is assumed as a representative weight. We further as- '
sumed that in order to keep the tenzion line from £fouling, the

torque motor should maintain a minimum 0.25 pounds tension in the

B ] ot Atm i

line at all times.

Figure 1.1-3 shows +G, acceleraticn peaks of 1llg's which
would imply an inertial face mask load of approximately 22 pounds.
It is seldom necessary to use full scal2 replication to impart a :
realistic kinesthetic cue within simulation and in this case we o ‘
tend to believe that full scale force may displace the face mask
more than that experienced in the actual case. Under +G, loading, g
the head and helmet as well as the face mask are subject to in- .
creased loading, The helmet (and face mask support) lowers on the

o o e
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head, the head lowers and pivots slightly forward (142) and tend
to bring the face mask closer to the chest which, in turn, offers
support to the face mask reducing additional slippage. In the
absence of a helmet loading system, the above helmet and head
allied movement will not occur and full scale face mask load is
not warranted, However, to permit experimentation in imparting ]
loads to the helmet and head through the face mask we have se- ;
lected a scale factor larger than the 20% used in the extremity

i loaders, With this in mind we have assumed a 1/2 scale factor or
l approximately 11 pounds of tension line force to be the maximum ]

- desired,

An Inland Motor samarium cobalt motor displaying 11 oz.-in.,
of peak stall torque direct driving a windlass shaft of 0.1 inch
diameter would appear to meet our requirements., This implemen-
tation would permit a peak line tension of approximately 13 pounds
and a maximum no-load line velocity of approximately 38 inches/

]- second. Temperature increase to maintain the 0,25 pound minimum
tension line force would be acceptable at approximately 1°C.
Temperature rise to simulate the +G, profile of Figure 1l.1-3 is
estimated to be approximately 40°C in the absence of special cool-
ing provisions and would be acceptable. However a 100% duty cycle
composed of such profiles would produce unacceptable temperatures
and therefore either special cooling provisions and/or a thermal

1
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override should be incorporated in the design,

The control system must be further protected with an inter- ;
lock which indicates that the tension line has been secured to the
force transducer such that the force transducer is mechanically
included within the servo loop. This interlock could be an im-
plied interlock wherein the torque motor drive would be limited to
0.25 pound until such time the force transducer registered this §
tension. Transient force relaxation registered by the force i
transducer due to pilot induced movement would be eliminated by a :
low pass filter in the interlock network.
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4.5.4 Localized Firmness Cells

In locations where normal body locad causes flesh pressure
conditions, the ability to successfully vary the pressure percep-
tion through the use of firmness cells has been well demonstrated
in the Air Force Human Resources Laboratory Advanced G Cuing Sys-
tem. Firmness cells, thin pneumatic bladders, are located between
the body and supporting structure and slightly inflated so as to
support the body under near-uniform distribution of tissue pres-
sure in close proximity to .he supporting structure. Deflation of
the cell transfers support from the compliant cell to the compar-
atively non-compliant support structure and in doing so, alters
load distribution causing localized flesh pressure increase,

T e s ey

This technigue has been successfully employed to vary buttock
flesh pressure and probably could be extended to other regions of ' "5
the body where G load induced pressure sensation is pronounced. é
é As mentioned in Section A.6.1 we suspect other candidate areas to
include the under-surface of forearms when resting against a sup- ' -
port object, sole area of the feet, and scalp supporting the
weight of the helmet. Although our literature search revealed no . !
data assigning import to tactile cues, we could advocate the firm- - ;é
ness cell approach be employed in tactile cuing experimentation S ’3
involving the above-mentioned sites.

In the case of scalp tactile cues the firmness cell(s) would
be located between scalp and helmet as depicted in Figure 4.5.4-1. | ;
As G load increases, firmness cell pressure would be decreased o k
allowing the helmet load to be concentrated at specific areas of ' ;
the scalp. The firmness cells also permit motion of the helmet
with respect to the skull which, visually, may provide it's own. 1
set of cues. It is not clear at the present time that both visual f
and pressure cues can appropriately be simultaneously delivered
using the firmness cell approach. As is evident in Section , i
4.4.1.1 we tentatively are assigning higher priority to helmet/
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RELIEF RIGID METAL POINT OF
DESIRED PRESSURE INCREASE

AFT BLADDER

FORE BLADDER

Figqure 4¢.5.4-1 Helmet firmness cells.

skull motion and believe the helmet firmness cells should be em-
ployed ,to repiicate this effect.

Figures 4.5.4-2 and 4.5.4-3 illustrate the same concept as

-applied to the forearm and foot area. The arm under-surface firm-

ness bladder would be a thin bladder sandwiched between the inner
and outer layer of the flight suit in the under surface area of
the lower arm. During negative or lg simulated flight, the blad-
der would be 3lightly inflated. Upon entering positive G condi-
tions the bladder would be progressively deflated regariless of
the position of the arm, If the arm is not resting on a support-
ing surface nothing is lost; however, should the arm be in contact

“with a supporting surface, strenjthened pressure stimuli will oc-

cur as a result of bladder deflation.
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, ELIGHT SUIT
' QUTER SUIT
iy FLIGHT SUIT i
| INNER LAYER -
i

FIRMNESS BLADDER SA -5

BETWEEN INNER AND OUTER

FLIGHT SUIT LAYERS

Figure 4.5.4-2 Arm undersurface.tirmnen bladder. ot

FLIGHT 80OT

RUDDER PEDAL

FIRMNESS BLADDER
INNERSOLE

Figure 4.5.4-3 Boot innersole firmness bladder.

The firmnesas cell control system illustrated in Figure
4.5.4-4 has previously been employed with pneumatic flow boosting
relays to successfully drive fairly large volume G-seat firmness
cells., Response characteristics depicted in Figure 4.5.4-5 are
rapid with a system bandpass of approximately 6 hz (143). In

A e T
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that the volume of the firmness cells suggested herein is consid-
erably smaller (except for the helmet firmness cell) than that em-
ployed in G-seats there should be no need for flow boosters, how-
ever, the vacuum assist would still be required in order to pre-
serve response at the low pressures utilized in driving the firm-
ness cells, Flow booster capability is received for the helmet
firmness cell.

4,6 Respiratory Devices

4.6,1 Subatmospheric Face Mask

In section A,7 it is stated that the respiratory effects of
+G,; are much less dramatic than the cardiovascular ones. None-
theless they exist and entail an increase in the work of breathing
and decreased oxygen transport. Respiratory reactions are most
noticeable for forward acceleration (+Gy) where breathing dif-
ficulties come into play long before any cardiovascular problems
become evident. These difficulties are manifested as shallow ' ]
breathing ir reaction to the difficulty of expanding the chest
§ against the inertial load and combines with a significant increase
in the effective dead space of breathing and a major mismatch
between ventilation and perfusion in the lung region to make gas
exchange inefficient and produce hypoxia even with inspired pure
02. Table 4.6.1-1 lists the acceleration effects on the res- i
piratory system that are discussed in section A.7. These effects i
may provide useful cues to the pilot of a flight simulator operat-
ing in the high G environment.

e T W et
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An approach for providing these cues could be implemented via

the "subatmospheric face mask." This implementation would simply " f
reduce the pressure of air in the face mask causing the pilot to '! ;
breathe more rapidly in order to satisfy his oxygen deficit., 1In - :
section A.7.2.2, the similarity of negative pressure breathing to 4 ;
the G, 2ffects is discussed and forms the physiological basis for . ;
||
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Table d.6.1=2 Summary of hiah G effects on the
respiratory system.
G, Gy
o Increased work o) Shallow breathing
of breathing o Chest tightness &
pain
o Increase respiration
o Decreased 03 rate
transport o Inefficient gas ex-~
change producing
hypoxia

the subatmospheric face mask. Figure 4.6.1-1, which is also pre-
sented in section A.7, illustrates the effect of Gy, on respiration
rate. The subatmospheric face mask would provide breathing air to
the pilot at pressures below atmospheric. This can be accomp-
lished by employing a system as ‘shown in Figure 4.6,1-2, For
accelerations less than or equal to 1.0g, the mask is supplied air
at 0.05 psi and for accelerations in excess of 1.0g, the pressure
is reduced ,096 psi/g. This will cause the breathing rate to in-
crease probably producing some chest tightness and pain.

For the normal lg condition, the compressor is providing air
to the mask through the dryer and filter (.08 micron). The pres-
sure is then regulated by a fixed regulator to .05 psi., When the
effective acceleration component perpendicular to the pilot's
chest (Gp) is greater than lg, the solenoid is switched exposing
thre mask to a partial vacuum, The pressure transducer corrects
the current to the flow control valve permitting the pressure at
the mask to be that which has been commanded by the computer ac-
cording to the algorithm above (~0,096 psi/g). The respiration
rate is monitored simultaneocusly and fed back to the computer
whereupon it is compared to the computed value and adjustments to
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Figure 4.6.1-1 Respiratory rate as a function of Gx
{modified from Fraser (71}).
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Respiration dynamics control system.
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pressure.are made apbrdp;iately. The effective perpendicular
acceleration is given by

' Gp = G, sin SBA + G, cos SBA | (Eq. 4.6,1-1]

where SBA is the aircraft seat-back angle measured from the verti-

cal i.,e., a zero seat-back angle is one in which the seat-back is

vertical. SBA increases for inclinations backward. The respira-
tion rate'is-computgd from |

RR ?.(0-1913‘GP + 0.8182) RR \opm [EQ. 4.6.1-2]

where RRyorM 1S the normal respiration rate taken as that value
measured at simulator initialization.

SYSTEM SAFETY

The'saféty_of the system can be assured by the respiration
rate being fed simdltaheously into the control electronics where-
updh.the solenoid is shifted to the pressure breathing side if the

~respiration rate falls below some threshold such as 2 breaths/min-

vte,

In addition the face mask can be easily removed by the pilot
if he feels distressed.

REDUCED PARTIAL PRESSURE OF 0j

Another approach to produce the same effects is %0 reduce the
partial pressure of oxygen in the breathing air. At sea level the

~149-
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approximate partial pressure distribution of the gases in breath-
ing air are

o s L 2T S AV e g

v 0, 158 mm Hg
oy 0.3 mm Hg . 3
Ny 596 mm Hg |
- 760.0 mm Hg . 5

Since the contribution of carbon dioxide and water vapor com-
bined is less than 1%, they can be ignored and air considered as
composed solely of oxygen and nitrogen, The sea level partial

S R o i ;‘.Jﬁnv\. -

g

RESPIRATION RATE

§ | pressure distribution will then become 159,26 mm dg for 03 and

g" 600.74 mm Hg for Nj. The alternate system would then employ a o

g control system such as depictecd in Figure 4.6,1-3, - ;

, :
S

TO FACE MASK : \ 1

o PRESSURE o
2 SOLENQID|—={ CONTROL PAESSURE | . !
SOURCE _-dg— VALVE TRANSOUCER . :_
) e

h . k

3

& ~1 C

RESPIRATION RATE | % =

S i Do
! :
= VALVE a4
| _ ' ¥
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sou:ce ce:mgL '_"T:::?uuu'::esn ' ;
{
! 3
1
Figure 4.6.1~3 Partial O, pressure. : "3-'4:
. i \ !_-%
]
An oxygen and nitrogen source are provided., The pressure of 'I ;
each gas is controlled by the computer via the pressure control ‘2
valves. The established base pressures are those from ahove, The o %
partial pressure of 05 is then reduced by 5 mm Hg/g and the res- o 1
piration rate monitor will continually adjust the 05 partial

|
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pressure until the desired respiration rate is achieved. The par-

- tial pressure of Ny is increased by the amount that the partial

pressure of 0, is decreased. The algorithm to implement this

concept is given by

where RRM is .the measured respiration rate, and sz is the partial

pressure of dxygen

Py, = 600.74 * (159.26 - Pg,) = - [Eq. 4.6.1-4]

where PN2 is the partial pressure ef nitrogen,

The same safety capability can be providedlfor this system as
for the subatmospheric face mask by placing a solenoid between the
09 source and the pressure valve. If the respiration rate falls
dangerously low, the solenoid would shunt pure oxygen directly to
the face mask.

SUMMARY

Both systems would probably produce satisfactory results.
However the subatmosgperic face mask has more substantial theore-
tical basis and is therefore recommended as the device to be used
for laboratory testing for the purpose of determining the cue
value of the device,

4,6 .2 Hypoxia Xnduction

Hypoxia'induction is postulated as a technique for causing
the visual effects of high G;. As was discussed in section 3.2,

- as G, increases, the cardiovascular effects cause a reduction in

blood supply %o the retina. The reduction in oxygenated blood to
the retina effectively causes localized hypoxia which in turn
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causes a reduction in visual acuity. The technique described here-

in is an attempt to reproduce this effect by reducing the oxygen

available to the pilot. This can be accomplished in two ways; one )
is to reduce the partial pressure of oxygen in the breathing mix-
ture, the other is to reduce the flow rate or pressure of the gas |

e e Rl A i R T i e e T e Sy

mixture,
.

Both of these techniques would reduce the tidal volume (see o
section A.7) and thereby induce hypoxia. Unfortunately the de- , v;.€§'
sired effects will not be realized. If any of the above mentioned
techniques for hypoxia induction are induced via the respiratory |
system the following will occur. After an initial decrease in
tidal volume, the respiration rate will increase to compensate .
such that the volume of air integrated over a period of time would
be the same as that inhaled under normal lg conditions. In addi-
tion, the pulmonary effects would mimic those of longitudinal aé-
celeration (Gy) rather than vertical (G,), such as chest pain and
‘{ tightness as wesll as the increased respiration rate referred to _ R
? above. This would present to the pilot an ambiguity for him to o
resolve which is in fact an unrealistic cue,
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Further inducing retinal hypoxia in this way would be a iﬁ
second order effect, i.e., the reduction of oxygen at the retina : f
is a secondary effect brought about by reduction of blood supply. ﬁ
‘ This reduction of oxygen available in the lungs which in turn p
? reduces the oxygen in the blood which finally causes hypoxia at ‘
' the retina has a longer delay than that which exists in the real
: world. This delay is an additional objection to this approach.
fi It is for these reasons that no further investigation of this

éi technique be pursued at present.

R, T e = e

4,6,3 Respiration Rate Monitoring Devices

f & In section 4.6.1 a requirement for monitoring respiration
rate was established, There are several devices marketed for this

R D L S gt ot R T i e e it
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purpose. They consist of impedance pneumographs, chest band
pneumographs, thermistor transducers, and flow measurement. de-
vices. .

L TRET AL WA s e

Impedance pneumographs are devices which measure impedance
between two electrodes applied to the thorax. - Voltage changes
reflecting impedance changésvdue_to tissue volume and conductivity
are sensed and interpreted to reflect respiration rate. This mea-
surement can be made from EKG chest leads without a need for addi-

. tional ieads,‘ These devices are available from several sources; Y

amoﬁg‘them.afe Narco Biosystems, Houston, Texas and Mennen-Great- 3
'batch'Eiéctrbnics Tnc., Clarence, New York. The major disadvan-
tage ofcthfs“déy;ce'is“the‘réquirementlfor electrodes attached to -
the pilot's chest. - - |

i

Chest band pheumographsﬂaré'devices-which measure the ex-
pansion and contraction of the chest. They aré of several types;
a mercury chestband consisting of a column of”mefcury, within a
small bore rubber tube. When the chest expands the resistance of
the mercury column increases, Honeywell Biomedical Denver, Colo-

T, ... ST O

o St i e R e

‘rado is a sourc2 for this device. Narco Biosystems produces a
Bellows Pneumograph employing a photoelectric transducer in a
_flexible'neoprene bellows, A third type of chest band pneumograph
is one in thch'aipotentiometer measures a mechanical displacement
as the chest expands and cohtracts. Chestband pneumcgraphs are
not suitable for this application because of the encumberances and i
artifact introduced by their use.

NN

Thermistor transducers appear to be the mast applicable res-
piration rate monitoring device for the flight simulation environ-
ment. This device employs a small lead thermistor to measure the

e rmeh i, o il

temperature of the breathing air during imspimation and expira- 1
tion. The heating of the thermistor during expiration and cooling :
during inspiration can be interpreted to prowvida respiration rate.
Devices of this type are available from Honeywell Biomedical and ]
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Narco Blosystems. It is recommended that a thermistor transducer
be used in the implementation of section 4.6.1 because it can be
conveniently concealed in the breathing mask and will introduce no

artifact,

Flow measurement devices are also employed as respiration
rate monitors, These are basically of two types; one is called a
spirometer which measures the amount of gas inhaled and exhaled.
Another flow device measures flow as a function of pressure drop
in a small tube. Honeywell Biomedical produces the latter device
and refers to it as a pneumotachometer. The pneumotachometer
would be the second most acceptable respiration rate monitor.
It's main drawback is that it presents more of a packaging problem
than the thermistor, However, it may provide a higher response

capability.
5. SUGGESTED MECRANIZATION PLAN

As earlier stated, the inclusion of high G augmentation de-
vices within tactical aircraft simulation is warranted only if the
effect produced by these devices causes pilot behavior to more
closely match that which occurs in actual flight and the resultant
improvement in the fidelity of behavior alters the training task,
The assessment of behavior change can best be accomplished within
a laboratory simulation environment which we will consider to be
the "short term" mechanization goal. 1In some cases, additional
development will be required prior to arriving at a high G aug-
mentation device design suitable for use in line simulation which
is the long term goal., Alternately, two or more devices may pro-
duce nearly the same effect and, based on their respective merits,
a decision made as to which to employ within line simulation,

Al though the short term goal is the actual experimentation
with a device, developmental work to produce a laboratory-ac-
ceptable version of the device and its drive algorithms 1is part of
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the short term effort. 1In some cases the potential success of the
short term form of a device may rest heavily on the acceptability
of a concept or component. In these cases it would be appropriate
to "breadboard test" the concept or component prior to committing
resources for development of the device or concept in laboratory-
acceptable form.

The following table (5-1) offers a plan for each of the de-
vices or techniques introduced herein in terms of progression to
fully developed device. It should be noted that rightward pro-
gression through the table is predicated only on positive findings
in the preceding phase., Because of the preoccupation with visual
effects demonstrated by the high G literature we would recommend
resource allocation emphasis be provided the plethysmographic
goggles, oculometer, visor, instrument and display alteration, and
the simplified visual acuity model.
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Device
or
] Tecknigue

Table 5-1,

Subsystem
or
Component Test

digh 3 Auygmentation Devices Development

Short Term
(1f component test
results juscify)

Process

Loty Term
(I1f laboratory simulation
results justify)

Lower body
negative
pressure
(LBN?)

None

Employ resesarch
facility to determine
response & usefulness
to L1/M1.

Possible design of part
task trainer for L1/Ml.

noanvasive

None

Pulse wave velocity

‘"monitor may be useful

in LBNP research.

Potential use in L1/Ml
PTT.

Plethys-
mographic
goggles

Ffurcharse existing
design & test
usefulness,

Potential immediate
laboratory simulation
use to determine G
induced visual acuity
effect on training
task.

No probable line-simula-
tion applicability.

Helmet
mounted
oculo-
meter

Purchase Honeywell
unit & test, Use

with flat plate liquid
crystal visor tests.,

Use with prototype
curved visor and/or
instrument & visual
system drives for
lahoratory simulation.

Use with curved visor
and/or instrument &
visual system drives for
line-simulation of G
induced visual effects.

Visor

Purchase flat plate
system plus mini-
computer control
from ligquid crystal
manufacturer. Bench
test with oculometer
drive.

Develop curved vessel
visor useing North
American Rockwell
Technology coupled
with flat plate display
technology developed
in component test.
Use in laboratory
simulation aemploying
gimplified visual
acuity algorithm.

Develop production visor
for use in line simula~
tion if visor technique
is more attractive than
instrument and visual
display alteration.
specify such systems

on future tactical A/C
simulators.

Instrument
& visual
display
alteration

None

Develop hardware for
altering instrument

& vigual displays for
the specific gsimula-
tion system employed
as the laboratory
simulation test bed.

If instrument and visual
display alteration is
more attractive than
visor or visoxy is non
standard A/C equipment
specify instrument &
visual system alteration
on simulator procurement.

Simplified
visual
acuity
model

None

Program for lahoratory
simulatory use. Make
available for line
simylation use if
satisfactory

Compare against complete
visual acuity model.

Specify the more attractive

model for line-simulation
use.
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Takle S=1. High & Augmentation

(Con't)

Cevices Development Process

Device Subsystem short Term Long Term
or ar (If component test (1f laboratory simulation
Fechrigue Component Test results justify) results justify)
Complete Nrne None If visuval etfects found
visual important to training
acuity and devices to produce
nodel these elfects are satis-
factory enter into re-
search program to devel-
op c~mplete visual
acuity model and its
mechanization.
Helnet None Employ NASA Develop device acceptable
loader Langley design, in line-sgsimulation:
Helnmet/ Verify bladdexrs control Develop prototype Specify in pvocurerent
sxull helmet motion, 1Initial helmet/skull motion of high performance
mction asgessment of tactile hardware. Employ in tactical A/C simulators,

stimuli.

laboratory simulation.

Extremity
loaders &
face mask

Purchase & test samar-~
ium cobalt torque motors
servo lnops, & drivers,

Develop prototype
loader systems -
program for labor-

Develop production systems

for line-simulation use.

loader Response & thermal atory simulation

characteristics of use.

particular interest.
Shoulder None Develop prototype Specify in tactical simu-
harness harness loader for lation procurement.
loader laboratory asimula-

tion use,

Lccalized
firmnass
sells

—

Test foresarm under=-
surface bladder £or
initial assessment
of tactile stimuli.

Develop prototype
bladder system,ssrvo
for use in lahoratory
simulation,.

Specify in procurement of
higih performance tactical
A/C simulators.

Construct breadboard
test unit/servo system
& measure sxin thermal
rcsponse,

Augment G seat with
skin temperature
driver test unit for
use in laboratory
simulation,

Specify in procurement of
high pe: foraance tactical
A/C simulators.

fupaimos~
charic
face mask

Develop 4« test pressure
contrnl servo loop of
agpropriate flow sizing.
Cevelop & test safety
Jevice.

Modify mask air system

with air supply sexrvo
loop system daveloped
in component test-
use for laboratory
simulation,

Spscify in procuremeat of
high performance tactical
A/C simulators.
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Takle 5=1, High G Augmentation Devices Devealopmeant Process

{Con't)

Device Subsystem Short Tarm Long Term .
or or (12 componant test (1f laboratory simulation

Technigue component Test results justify) results justify) .

‘ {

Use device purchased Employ in line-simulation ‘é

Respiration Purchase and test
it fundamental to sub-

in component test to

N rate Honeywell Accudata

N monitors 137 to support sub- support laboratovy atmospheric face mask .
atmospheric face mask simulation experi- servo system or safety ]
test. mentation. device. é
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f’_ 6. SUMMARY

: The trend of aircraft technology indicates increased utili-
zation of the high G regime and increased dependence upon simula-
tion for pilot training. The study presented herein discusses the
physiological effects of high G exposure and postulates means by
which the more obvious effects might be induced within laboratory
simulation structured to experimentally determine the importance j
cf these effects in the pilot training task. The type of G load- ;
{. ing most often encountered in piloting present day aircraft is +G,
referred to colloquially as "eyeballs down" and arises in dive
pullouts and inside turns, common piloting maneuvers., Patterning
7 the high occurrence of +G,, the majority of literature discussing
{ the physiological effects of high G deals principally with +Gg, g
physiological effects. The introduction of the reclined seat in- '
creases the importance of +G, physiological effects and, in the
limited instances where +Gy effects are documented, the authors

i
3
i
1

caree P +

s have included them within this study. :
- ;
- By far, the physiological system most sensitive tp high G f
H conditions is the cardiovascular system. However, the pilnt is

less likely to notice cardiovascular changes themselves as he is

to notice the affiliated visual effects of peripheral and central
light loss induced by the cardiovascular changes. Under elevated
levels of +G, the blood is inertially forced toward the lower

torso and legs causing a commensurate reduction in blood pressure
o and flow rate at the temporal level which, if unchecked, ulti-

' nately may produce unconsciousness due to cerebral hypoxia.

Pilots wear G-suits which proportionally squeeze the lower torso
and extremities under +G, conditions to retard blood mass shift,
prolong useful visual capability, and avoid unconciousness., Fur-
ther, pilots are taught to perform a compressive respiratory maneu-
ver known, based on its variations, as a Ml or L1 maneuver to aid
the G-suit in forestalling blood mass shift. The cardiovascular
system itself enters a compensatory condition and employs increas- i
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ed heart rate and vascdilaticn and constriction in an attempt to
maintain normal) cerebral blood flow. Negative G, loading, much
less often experienced in aircraft maneuvering, can produce the
opposite conditions (blood engorgenent of the upper torso and
cerebral areas).

Exposing the lower portion of the body to a negative pressure
differential has heen shown in the Salut and Skylab space missions
as well as earth bound experimentation to be capable of replicat-
ing a measure of the blood shift experienced under G load. The
technique, termed lower body negative pressure (LBNP), requires
that the lower torso and/or lower extremities be placed in a con-
tainer capable of supporting subatmospheric conditions. Unfor-
tunately, there does not exist sufficient application-related data
to determ.ne the feasibility of asing LBNP in flight simulators
for inducing cardiovascular symptoms of high G flight. The lack
of data is primarily in the response area for it is not known
whether the technique can produce a cardiovascular reaction as
rapidly as experienced under varying aircraft G load. Other un-
answered questions include ident:ification of artifact production,
potential interference with the G-suit, adverse interaction with
motion cuing devices, loss of eavironment fidelity, and potential
safety problems. Blood pressure would form the likely parameter
upon which to close the LBNP control loop and a non-invasive tech-
nique considered near mandatory. Non-invasive devices presently
available fall into the categories of ausculatory devices, ultra-
sonic devices, pulse wave velocity monitors, oximeter and plethys-
mographs. Of these, the ear oximeter, pulse wave monitor, and
impedance plethysmographs are the most promising however, artifact

production is also a problem here and accuracy, although probably -
not overly severe in the LBNP application, is suspect. We have 'E
concluded that significant additional clinical research must be -
conducted in this area before LBNP can be considered a candidate }
system for the laboratory form of high G augmentation devices.
Further, the very severe imposition on environmental fidelity will T
-160-
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likely exclude the LBNP technigue from line simulators employed as
full- or near full-mission simulators. However, it has been
pointed out that LBNP may be a very useful and acceptable techni-
que to employ in a part-task trainer to teach pilots to appropri-~
ately perform the important L1/Ml1 maneuvers, Such training is
currently available only in the more expensive environments of the
centrifuge and actual aircraft flight.

Respiratory effects of high G conditions are normally con-
sidered in importance second to the cardiovascular system effects.
As in the case of the cardiovascular system itself, this impor-
tance stems not from the system itself but because of visual
liabilities arising from system performance degradation induced by
high G, The cardiovascular system is responsible for delivering
oxygenated blood to the cerebral and retinal areas. If G loading
interferes with the delivery system, adverse conditions ensue.

The respiratory system is responsible for oxygenation of the blood
in the first instance and should this process be degraded by G
loading, similar adverse conditions arise. For +G,, respiratory
effects are much less dramatic than the cardiovascular ones, and
entail an increase in the work of breathing and decreased oxygen
transport as a result of pulmonary shunting associated with pool-
ing of blood in the lower regions of the pulmonary circulation and
filling of the upper parts of the lung with air. The respiratory
reactions are most noticeable for forward acceleration, +Gyx, where
breathing difficulties come into play long before any cardiovascu-
lar problems become evident and may be characterized as increased
difficulty in breathing, chest pain, and increased respiration
rate, Pusitive pressure and 100% oxygen breathing techniques are
sometimes used to offset the impact of these effects.

This study investigates two methods to replicate the afore-
mentioned respiratory effects. Negative pressure breathing em-
ploying a subatmospheric face mask and possible minor reductions
in the partial pressure of oxygen is suggested as a means to

-1l61-
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induce increased breathing difficulty, chest pain, and increased
breathing rate, A second approach, advocating major changes in

the partial pressure of oxygen in order to induce hypoxia and its

related visual disruption, was ruled out due to excessively long

temporal response as welil as the obvious safety hazard inherent to -
the approach.

The servo loop controlling the subatmospheric face mask
should employ respiration rate as one of its loop closure param-
eters. Respiration rate monitors which were investigated included
impedance pneumographs, thermistor bead pneumographs, bellows
pneumographs, mefcury chestband pneumographs, and pressure trans-
ducer augmented flow rate pneumographs. The Honeywell Accudata
137 appears to be well suited to the task in that it includes its
own signal processor and provides versatality by employing ther- »
mistor bead, mercury chestband, and flow rate pneumographic de- i
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tectors.

The high G effect most often reported, surprisingly to the
exclusion of musculoskeletal and tactile effects which quite ob-
1 viously are also present, is the dramatic visual disruption in-
f! duced by cardiovascular and respiratory system degradation as well
| as inertial loading of the visual apparatus itself., Under +G,
conditions, peripheral and eventual central light loss, sometimes
referred to as "tunnel vision", progressively occur as the retinal |3
: area enters, from its outer boundaries inward, a condition of hy-
ki poxia. Large magnitude Gy produces a blurring of vision possibly
] related to the production of an excessive tear film across the 3
: cornea area. The lacrimal process was investigated to determine
if a replication of blurring could be satisfactorily induced on
command through the use of eye irritants., This approach was aban- '
doned due primarily to the sensation of pain which is aliied with )
eye irritants but apparently missing in the high +G, experience i
and, secondly, to the fact that apparatus inducing the +G, peri- -f
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pheral and central 1ight'loss can be developed to also produce
blurring in +G,.

The study advances the structure of a model defining visual
acuity as a function of +G, conditions and where data is available
defines relationships employed in this model, The completion of
this model awaits key information relating acuity or mininum
digscrimination angle as a function of retinal blood pressure, 1In
the interim, a simplified model is advanced as a substitute until
the more sophisticated model can be completed. The simplified
model treats the +G, visual effect as an aberration symetric about
the foveal view. Twc concentric terminators respectively defining
the onset of visual disruption and the loss of all light sensation
are permitted to collapse inward toward the foveal view or expand
outwards in the opposite direction based on +¢; level and onset
rate. The area between the terminators is subject to radially pro-
gressive light ray disruption, rmisting or graying, and intensity
attenuation,

Because ol the impcrtance attached to high G wvisual disrup-
tion, coirsiderable emphasis within the study is devoted to means
by which these effects may be generated within laboratory simu-
lation, A very simple device, plethysmographic goggles, is sug-
gested - a means to quickly permit experimentation to begin with-
-.ut waiting for the development of other light alteration Ggevices.
Plethysmographic goggles have already been used to successfully
induce prcgressive periphera’ and central light loss. The goggles
operate on a principle which dictates that as eyeball ambient pres-
sure is increased above atmospheric pressure, a commensurate in-
crease in intraocular pressure is experlenced., As intraccular
pressure approaches the level of retinal blood pressure, retinal
oxygen perfusion decreases with concomitant loss of light sensi-
tivity very nearly identical to nat occurring under +G,.
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Although the goggles may be satisfactory for laboratory ex-
perimentation, other visual disruption technigues must be devel-
oped for use in line simulation, The study advances methods by
which present day simulator cockpit instrument lighting systems
and surround visual display systems may be driven to provide a
rendition of the high G physiological visual disruption., Alter-
nately the study discloses a method by which the visor worn by
tactical aircraft pilots may be constructed as a vessel containing
liquid crystal medium(s) capable of being selectively driven to
produce either or both misting and light transmission attenuation,
The disruption location may be commanded to occur anywhere within

" the visor expanse as dictated by the computer program controlling

the visor. 1In terms of environmental fidelity, *the visor approach
holds much promise..

Simulator instrument lighting alteration, wvisual display sys-
tem alteration, and the visor effects all are generated about the
foveal view as is experienced in actual high G conditions, There-
fore a definition of the foveal vector orientation is required and
can be provided by a helmet mounted oculometer, Link Division is
currently employing a helmet mounted oculometer approach as an
integral part of an Air Force visual display program. Therefore
the technology, in its developed state, should be directly trans-
ferable to the high G application.

The author's review of the literature dealing with musculo-
skeletal response to the high G environment causes us to conclude,
particulariy in the case of the upper extremities, that simulation
devices intended to provide appropriate musculoskeletal cues must
actually load the body. ~vtificial means to induce the kines-
thetic perceptions of such loading, if available, will likely not
suffice, Althouyh the whole body is subject to increased inertial
loading, the pilot is probably most aware of head/neck loading and
its affect on visual perspective, and upper extremity loading as
noticeably reflected in disruption of reaching and hand control
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movements. Experimental data demonstrates a very significant rear-
ward force component present when the arm is outstretched under
+Gz. Consequently the arm loading mechanism suggested for use in
high G simulation involves not only moment production at the elbow

but also a separate prime mover to force the elbow rearward toward

the torso. High power miniature samarium cobalt torque motors
embedded within the flight suit form the preferred method for in-
ducing a proportionate level of arm loading to that which exists
under actual +G, conditions.

b ol 8 —
e ot i S e MR IAMATT < 8wt wa mw S o e et

T A number of approaches were investigated pertaining to head/
neck loading devices., However for the short term, until a more

s

1. accurate assessment of the importance of head/neck loading is ex-

: b perimentally determined, the torgque motor driven helmet loader
constructed by NASA Langley appears to be the most cost effective %
approach to this simulation and the acquisition of this type of !

T
kA S S E

device is recommended. 1If experimentation with this type of de-
vice tends tc confirm preliminary findings that head/neck loading
is indeed important to the pilot training task, additional expen-
diture to develop an approach displaying more acceptable environ-
mental fidelity will be justified. A somewhat surprising devel-
opment related to head/neck loading is the larger than expected G
load induced movement of helmet with respect to skull. In that
both tactile and visual cues may be induced by this movement, a
simple approach, involving the inflation/deflation of pneumatic
oladders located in the helmet liner area, is suggested as a means
to replicate helmet movement within the simulation.
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Quite obviously G induced body load should produce many
changes in tactile stimulation. However there appears to be unus-
‘ually small comment concerning tactile perceptions in the experi-
mentation involving high G conditions. Although thu¢ tactile sen-
sory system does not impose a physiological endpoint in high G

exposure, the tactile perceptions are certainly likely candidates
of importance for providing a perception nf existing G load. The
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authors advance four concepts for generating or enhancing the
g simulation of high G tactile perceptions. Shoulder harness ten- ‘
: sion and face mask loader devices employ force production to pro- X

§ duce the desired tactile perceptions. The utilization of small |
: thin bladders, localized firmness cells, in areas of the torso nor- N

: mally supported by external structures, can be employed to Qary
i body load distribution and thereby vary tissue pressure with con-
Ei comitant production of tactile stimuli. There appears to be basis

for believing that flesh temperature change can augment and height-
en the sensation of flesh pressure, A means for altering skin
temperature through the use of solid state devices is presented.

Audition under high G conditions was investigated to deter- - %
mine whether either the physiological effects or the composition :
3 of environmental sounds offer cues related to G level. The only . E
| aural effect found is a loss of hearing that occurs so close to G :
-} load-related unconciousness it's occurrence does not provide a é
useful cue, Some indication of increased reaction time to aural ;
stimuli was found, however, the literature offers no indication as
to whether this was due to loss of aural perception or a distur-
bance of motor response. A review of aircraft cockpit sound re-

: cordings under high G maneuvering produced no identification of G f
level peculiar sounds. Thus we believe that aural cuing does not '
offer stimuli useful to the subject for G load assessment and
further resources should not be expended in this area.

!
:
4
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The study concludes with a set of recommendations covering,
in the authors' opinion, the appropriate path toward the develop-
ment of devices which will be useful as high G augmentation de-

[ PR S

vices.

-166-

Tt S o U SO U SR



foad i

o TSI TRV R T NI Cma R G KR

it : il
s e R O

y
i. 7. B1BLIOGRAPHY

1, Adler, F.H.,, "Physiology of the Eye," C.V. Mosby Com-
pany, (1965).

1 2. Aeromed Memo #MCREXD4-695-74L, "Vennus Pressure in the
4 Head Under Negative Acceleration," Aero Medical Labora-

tory, January, (1948).

, 3. AGARD, "Principles of Biodynamics—-Applicable to Manned
L. Aerospace Flight Prolconged Linear and Radial Accelera-
tion," AGARD-AG-150, (1971).

b s d ok e A et e i A oA 1

4. Allan, J.R,., Crossley, R.J., "Effect of Controlled Ele- :

E_ vation of Body Temperature on Human Tolerance to +G, Ac- é
celeration,”™ Journal of Applied Physiology, Vol. 33, No. ;

1 4:418-420, Oct., (1972).
1N f
i E 5. Anderson, B., Saltzman, H.A., and Heyman, A,, "The Ef- é
1 fects of Hyperbaric Oxygenation on Retinal Arterial Oc- -

E‘ P clusion," Archives of Ophthalmology, Vol. 73, March ]
1R (1965).

6. Anonymous, "Basic Results of the Medical Research Con-

ducted During the Flight of Two Crews on the Salyut-5
Orbital Station," National Aeronautics and Space Admin-
istration, Washington, D,C., Dec., (1977).

s it e e

7. Ashutosh, K., "Impedance Pneumograph & Magnetometer
§ Methods for Monitoring Tidal Volume," Journal of Applied

8, Ashworth, B.R., McKissick, B.T., "The Effect of Helmet
Loader G~Cuing on Pilot's Simulator Performance," The

-167-

— - e — e e i eypa——— -
R o ; [ .
L ST NP N 1o P S

A At el S0 PR TR ¢



N LA gt s niraem Sy <

s b A R Aot AT o e 1 TR

10,

11,

12,

13,

14.

american Institute of Aeronautics and Astronautics, AIAA
Paper No. 78-1573, '

Banister, J., Torrence, R.W., "The Effects of the
Trached Pressure Upon Flow: Pressure Relations in the
Vascular Bed of Isolated Lungs," Q.J1. Exp. Physid.
45:352-367, (1960).

Barcsay, J., Anatomy for the Artist, Octopus Books,
London W1, (1973),

Barer, A.S., Golov, G.A., Zubavin, V.B., Murakhovskiy,
K.I., Rodin, S.A., Sokorina, Ye.I., and Tikhomirov,
Ye.P., "Physiological Reactions of the Human Body to
Transverse Acceleration and Some Means of Increasing the
Organism's Resistance to These Effects," Aerospace Med.,
Feb, (1966 .

Barer, A.S., Golov, G.A., Zubavin, V.B., Murakhovskiy,
K.I., Rodin, S.A., Sokorina, Ye.I., and Tikhomirov,
Ye.P., "Physiological Reactions of the Human Organism to
Transverse Accelerations and Means of Raising the
Resistance to Such Forces," National Aeronautics and
Space Administration, Sept. (1964).

Barnes, G.R., "A Theoretical Model of the Utricular
Otolith and its Response to Angular Motion with Respect
to an Acceleration in Shear," Flying Personnel Research
Committee, London, England, April (1972).

Barnes, G.R., Rance, B.H., "Transmission of Angular Ac-
celeration to the Head in the Seated Human Subject,”
Aerospace Medicine, April (1374),

-168-

o » o e T . [ PP
e e 2 R i and o kel KRR sV

L]
eormitb gt scada Lk g




i. 15, Bartok, S.J., Carlson, L.D., and Walters, R.F., "Cardio- i

vascular Changes During Tilt and Leg Negative Pressure : ﬂ
: o
L Tests," Aerospace Medicine, Nov. (1968).

16, Beaumont Van, Greenleaf, J.E., Young, H.L., and Juhos,
L., "Plasma Volume and Blood Constituent Shifts Duvring
+G, Acceleration After Bedrest with Exercise Condi- ‘
tioning," Aerospace Medicine, 45(4):425-430, (1974). ;

L 17, Beaupert, J.E., "Subjective Reaction to Dual Frequency .

' i
i Vibration,"™ The Boeing Company, Wichita Division, Dec. i
P (1967). 3
} 18, Beckh Von, H.J., "Positioning of Aircrews - Ultima Ratio ]

of G Protection?" Aerospace Medicine, July (1972),

[ S o
’

: 19, Behrendt, T., Sever, R.J., and Duan<, T.D., "Ein Pneu- g
matisches Ophthalmomodynamometer Fur Den Laborgebrauch",

Keinischi Monatsblatter Fur Augenheilkunde, 149:550-556¢, !
i: (1966). »

Wiy
]

20, Benson, A.J., Reason, J.T., and Diaz, E., Flying Per-

. sonnel Research Committee - "Testing Predictions Derived
from a Model of Progressive Adaptation to Coriolis
Accelerations," Ministry of Defense (Air Force
Department) July (1971).

[T
1

L oot b1 i

¥

T
s 4
1

PRSP

Blake, J., Transactions of the Opthalmological Societies
of the U.K, - "Ocular Effects of High 3peed Flight," ?
Vol, XCI, Session (1971). Q

Borah, J., "Sensory Mechanism Modeling," Air Force Human ;
Resources Laboratory, AFHRL TR 77-70, October (1277). i

-169-~

e

B o . . L TR o -
et e TSR e, S e 8 las acCrea alUbEAE R L S e dal e L . Yo



s e

23,

24,

25,

26.

27.

28,

YT = s

Brown, E., Goei, J.S., Greenfield, A.D.M., and Plas-
saras, G.C., "Circulatory Responses to Simulated Gravi-
tational Shifts of Blood in Man Induced by Exposure of
the Body Below the Iliac Crests to Sub-Atmospheric Pres-
sure," Journal of Applied Physiology, 183, pp. 607~627,
(1966).

Brown, J.H.V., "Physiology of Man in Space," Acadenmic
Press, New York/London, (1963),

Bryan, A.C,, Milic-Emili, J., and Penselly, D., "Effect
of Gravity on the Distribution of Pulmonary Ventila-
tion," Journal of Applied Physiology, 21:778-784,
(1966),

Buchdahl, H,A., "Optical Aberration Coefficients," An
Introduction to Hamiltonian Optics, London, Oxford
University Press, (1954).

Bulpitt, C.J., Dollery, C.T., "Estimation of Retinal
Blood Flow by Measurement of the Mean Circulation Time,"
Cardiovascular Research, 5:106-412, (1971).

Burns, J.W., "Re-Evaluation of a Tilt-Back Seat as a
Means of Increasing Acceleration Tolerance," Aviation,
Space, and Environment, 46(1):55-63, (1975).

Burstein, A,H., "Human Musculoskeletal Tolerance Limits
to Ejection and Related High Mechanical Stress Environ-
ments," Air Force Office of Scientific Research, Con-
tract Number AFOSR-75-2820, July (1977),

Burton, R.R., "Positive (+G,) Acceleration Tolerances of
the Minature Swine: Application as a Human Analog,"
Aerospace Medicine, 44(3):294-298, (1973).

-170-

b P et e e, Lt 2 ae

it e, i Ld‘




31.

32.

33,

34.

35.

36.

37.

38.

Burton, R,R., lampletro, P.F., and Leverett, S.D,,
"Physiologic Effects of Seatback Angles 45° (from the
Vertical) Relative to G," Aviation, Space, and Environ-
mental Medicine, 46(7):887-897, (1975).

Burton, R.R., Krutz, R.W., "G-Tolerance and Protection
with Anti-G Suit Concepts," Aviation, Space, and En-
vironmental Medicine, 46(2):119-124, (1975).,

Burton, R.R., Leverett, S.D., and Michaelson, E.D., "Man

at High Sustained +G; Acceleration: A Review," Aerospace
Medicine, 45(10):1115-1136, (1974).

Burton, R.R., Parkhurst, M.J., and Leverett, S.D., "G,
Protection Afforded by Standard and Preacceleration In-
flations of the Bladder and Capstan Type G-Suits," Aero-
space Medicine, 44(5):488-494, (1973).

Canfield, A.A., "The Influence of Increased Positive g
on Reaching Movements," The Journal of Applied Physi-

ology, Vol. 37, 230-235, (1953).

Canfield, A.A., Comrey, A.L., and Wilson, R.C., "A Study
of Reaction Time to Light and Sound as Related to
Increased Positive Radial Acceleration,” Aviation Medi-
cine, Vol. 20, 350-355, (1949).

Champion, M,C., Port, W.G.A., "Head and Neck Mobility of
Pilots Measured at the Eye," Aeronautical Research
Council Reports and Memoranda, (1977).

Chandler, R.F., Trout, E.M., "Child Restraint Systems
for Civil Aircraft," Civil Aeromedical Institute Federal
Aviation Administration, Oklahoma City, Oklahoma (1978),

-171=-

i . bl 00l bl e

P ;

d
|
4
B
s

2 e et

IVENPY - T

L Ttadh il .

R TR



R S e LRI S N i R T £ " L] v

e . a - " ’
B L S NI DI . - !

mos. mov .

e o
)

39. Cheek, R.J., et.al,, "New Cine Recording Ophthalmoscope
' with Television Monitoring Capability for Use in Aero-
space Research," Aerospace Medicine, Dec. (1969).

40, Clark, D.C., et, al., "Exploratory Investigation of the
Man Amplifier Concept," Defense Documentation Center,
Aug., (1962),

41, Clarke, N.P., "The Pathophysiology of High Sustained +G,
Acceleration Limitation to Air Combat Maneuvering and
the Use of Centrifuges in Performance Training,"
AGARD-CP~189, April (1976).

. K . t
RN it s sl O3 Ak Pt i a2 e S e b

100 30 1A BT s A 1. M e s ane
" vtz

42, Coburn, K.R., "Physiological Endpoints in Acceleration
Research," Aderospace Medicine, 41(1):5-11], (1970). i
' g

3 43. Coerman, R.R., "The Mechanical Impedance of the Human
Body in Sitting and Standing Position at Low Frequen-
§ cies," Human Factors, V. 4, pp. 227-253, (1962).

44. Coerman, R.R., "The Passive Dynamic Mechanical Proper- ;
ties of the Human Thorax-Abdomen System and of the Whole ii
Body System," Aerospace Medicine, 31(6):443-455, (1960). : _5

45, Cohen, G.H., Brown, W.K., "Changes in ECG Contour During . i
Prolonged +G, Acceleration," Aerospace Medicine, : |
40(8):874-879, (1969). '

46, Cohen, L.A., "Analysis of Position Sense in Human E
Shoulder," Neurophysiology, v. 21, pp. 550-562, (1958).

1o+ il ki sl Lt

47. Cohen, M.M., "Disorienting Effects of Aircraft Catapult
Launchiigs," Aerospace Medicine, 44(1):37-39, (1973).

. L]
& wareng
ettt et

-172-




|
|

;I. 48, . Cohen, M,M., "Hand-Eye Coordination in Altered Gravita-~
1 tional Fields," Aerospace Medicine, 41(6):647-649,

i (1970).

1 49, Cohen, M.M,, "Sensory-Motor Adaptation and After-Effects

3 of Exposure to Increased Gravitational Forces,"
3 v Aerospace Medicine, 41(3):318-322, (1970),

50, Collyer, S.C., "Testing Psychomotor Performance During
Sustained Acceleration," School of Aerospace Medicine,
Dec,, (1973).

!
;
.i

- 51. Cooper, K.H,, Ord, J.W., "Physical Effects of Seated and
) Supine Exercise With and Without Subatmospheric Pressure
3 Applied to the Lower body," Aerospace Medicine, May,

ﬂ%' (1968). é

52, Crago, P.E,, Houke, J.C,, and Hasan, Z., "Regulatory Ac-
- tions of the Human Stretch Reflex," The John Hopkins ;
3' University School of Medicine, Sept. (1976). ?

53. Cromwell, L., Weibell, F.J., Pfeiffer, E.A., and
Usselman, L.B., "Biomedical Instrumentation and
Measurements", Prentice-Hall Inc., Englewood Cliffs,
N.J., (1973).

Sabais | § -

54, Crosbie, R.J., "A Cardiovascular Dynamic Response In-
dex," Bureau of Medicine and Surgery Work Unit No,
MF12.524,005-7001 Report No. 13, June (1970),.

oot i bl i b i, AR s o

55. DDC Bibliography Acceleration Tolerance, Vol, 1 of II
Volumes DDC-TAS-68-81 February (1969), i

56, De Roetth, A., "Lacrimation in Normal Eyes,"” A.M.A,
Archieves of Ophthalmology, pp. 185-189,

-173-




Lid

TR T T
e

TRRITHECEN, T T e

(i b 2

e R

5 g e st

"y
o

57.

58,

59.

60.

62,

63,

64.

Diringshofen Von, H., Kissel, G., and Osypka, P.,
"Thresholds for the Perception of Linearly Increasing
Angular Accelerations,"” Aerospace Medicine, August
(1964).

Dobbins, J.P., "Variable-Transmittance Visor for Helmet-
Mounted Display," Aerospace Medical Research Laboratory,
October, (1973).

Dowell, A.R,, Schaal S.F., Spielvogel, R., and Pohl,
S.A., "Effect of Lower Body Negative Pressure Upon Pul-
monary Ventilation and Perfusion as Measured Using
Xenon-133," Aerospace Medicine, 40(6):651-654, (1969).

Dowell, A.R., Schmid, P.G., Nutter, D,0., and Sullivan,
K.N., "Ventilation, Lung Volumes, and Gas Exchange Dur-
ing Lower Body Negative Pressure," Journal of Applied

Physiology, Vol. 26, No. 3, pp. 352-359, March, (1969).

Dowell, A.R., Shropshire, S., and McCally, M.D., "Venti-
lation and Pulmonary Gas Exchange During Headward (+Gj)
Gradient Acceleration," Aerospace Medicine, Sept.
(1968).

Duane, T.D., "Experimental Blackout and the Visual Sys-
tem," Aerospace Medicine, Sept. (1967).

Duane, T.D., "Experimental Blackout and the Visual Sys-
tem," Transactions of the American Ophthalmology
Society, 64:488-342, (1966).

Erickson, H.H., Ritzman, J.R., "Instrumentation for the
Rhesus Monkey as a Cardiovascular Analog for Man During
Air-Combat Maneuvering Acceleration," Aviation, Space,
and Environmental Medicine, Nov. (1976).

-174~

L—d




T T PRI e 5 v B Spe s e e

65.

66,

68,

69.

70,

71.

72,

Erickson, H.H,, Sandler, H., and Stone, H.L., "Cardio-
vascular Function During Sustained +G, Stress," Avia-
tion, Space, and Environmental Medicine, July (1976).

Erlebacher, J., Gilbert, R., and Auchincloss, J.H., "An
Impedance Pneumograph Utilizing an Actively Regulated
Constant-Current Source," Journal of Applied Physiology,
Vol. 37, No. 6:961=-963, Dec, (1974).

Ewing, C.L., Thomas, D.J., and Beeler, G.W., "Dynamic
Responge of the Head and Neck of the Living Human to -Gy
Impact Acceleration,™ U.S. Army Aeromedical Research
Laboratory Naval Aerospace Medical Institute, March

(1969).

Fernandez, H., Robinson, R., "An Automatic Device for
Recording Blood Pressure," Aerospace Medicine, 42(2):
209-210, (1971).

Fessenden, E,, "Acceleration Effects on the Ability to
Activate Emergency Devices in F-4 Aircraft," Report No.
NADC-77105-40, July (1977).

Forlini, F.J., "Indirect Measurement of Systolic Blood
Pressure during +G, Acceleration," Journal of Applied
Physiclogy, Vol. 37 No. 4:584-586, Oct. (1974).

Fraser, T.M., "Human Response to Sustained Accelera-
tion," National Aeronautics and Space Adaministration,
SP-103, (1966).

Frazier, J.W., Whitney, R.U., and Ashare, A.B,, "Per-
formance of the Anti-G Valve When Subjected to Varying
Lateral Forces," Aerospace Medical Research Laboratory,

Feb., (1973).

o s Al b ..L 2 v e Pulebliiis ! g

o ko Gl e sl

bt uh

i ke i

Lcusahiy

S g

PRI

A




i
t
13

73.

74.

75.

76.

7.

78.

79.

80.

81.

Frazier, J.W., Whitney, R.U., Ashare, A.,B., Rogers,
D.B., and Skrowronski, V.D., "G Suit Filling Pressures
Determined by Seat Back Angle," Aerospace Medicine,
45(7):755-757, (1974).

Frisch, G.D., D'Aulerio, L., and O'Rourke, J., "Mechan-
ism of Head and Neck Response to -G, Impact Accelara-
tion: A Math Modeling Approach," Aviation, Space, and
Environmental Medicine, 48(3):223-230, (1977).

Gauer, A., "The Physiological Effects of Prolonged Ac-
celeration," German Aviation Medicine, World War II,
Vol. I, U.S. Government Printing Office (1950).

Geddes, L.A., "The Direct and Indirect Measurement of
Blood Pressure," Year Book Medical Publishers Inc,,
Chicago, (1970).

Geddes, L.A., Baker, L.E., "Principles of Aprlied
Biomedical Instrumentation," 2nd Edition, John Wiley &
Sons, New York, (1975).

General Dynamics, Fl6 Instrument Lighting Specification
Nos. 162F031 162F032,

Gibson, J.J., The Senses Considered as Perceptual Sys-
tems, Prentice-Hall Inc,, New Jersey (1965).

Gilbert, R., Auchincloss, J.H., Brodsky, J., and Boden, ‘§
A

W., "Changes in Tidal Volume, Frequency, and Ventilation

Induced by Their Measurement," Journal of Applied 1

Physiology, 33(2):252-254, (1972),

Gillies, J.A,, A Textbook of Aviation Physiology, -

Pergamon Press, (1965). -

-176-

R LR

RRPAEROERAEN _ ST




gt

82. Gillingham, K.K., Authors private 4° .u;cin~= with Dr.
Gillingham, (1979).

83, Gillingham, K.K., "Eye Level Blood Flov Transfer Func-
: tion," Correspondence from K.K, Gillingham, June (1978).

84. Gillingham, K.K., Burton, R.R., "Transfer Functions for

Arterial Oxygen Saturation During +G, Stress," Aviation,

Space, and Environmental Medicine, 46(11):1329-1335,
(1875).

————s

85. Gillingham, K.K., Freeman, J.J., and McNee, R.C.,

%
|
!
é.
3
i
E
%
|

] "Transfer Functions for Eye-Level Blood Pressure During
- o +G, Stress," Aviation, Space, and Environmental Medi-

s e

cine, November, (1977).

86, Gillingham, K.K., Krutz, R.W., "Aeromedical Review: Ef-
L fects of the Abnormal Acceleratory Environment of
: Flight," USAF School of Aerospace Medicine, Dec. (1974).

o
s
I e r-

.- 87. Gillingham, K.K., McNaughton, G.G., "Visual Field Con-
traction During G Stress at 13°, 45°, and 65° Seat-Back

T

Angles,® Aviation, Space, and Environmental Medicine,
48(2):91-96, (1577).

88, Glaister, D.H., "Distribution of Pulmonary Blood Flow
and Ventilation During Forward (+Gy) Acceleration",
Journal of Applied Physiology, 29(4):432-439, Oct.
(1970).,

a1

TP SR

89, Glaister, D.H., "Regional Ventilation and Perfusion in f
the Lung During Positive Acceleration Measured with ;
Xe-133," Journal of Applied Physiology, (Lond) 177:
73-74, (1965).

-177-~

P




bk i ac Lt gin gt

e AR

90.

91.

92,

93.

94.

95.

96.

97.

Glaister, D.H., "The Effects of Gravity and Acceleration
on the Lung," AGARDograph #133, Technovision Services,

Nov. (1970),

Goldstein, J.A., Peczon, J.D., and Cogan, D.G,.,, "Intra-
ocular Pressure and Ophthalmodynamometry," Archives of
Ophthalmology, 74:175-176, (1965).

Goodhart, G.L., "A Review of Experimental Data on the
Cardiovascular Response to Acceleration," Aerospace
Medical Research Dept., Dec. (1970).

Goodwin, G.M., McCloskey, D.I.,, and Matthews, P,B.C.,
"The Contribution of Muscle Afferents to Kinesthesia
Shown by Vibratior Induced Illusions of Movement and by
the Effects of Paralyzing Joint Afferents," Brain, 95,

705~748, (1972).

Graboys, T.B., Michaelson, E.D., "Systolic Time Inter-
vals During +G, Acceleration," Journal of Applied
Physiology, 41(1):52-56, July (1976).

Gray, S., Shaver, J.A., Kroetz, F.W,, and Leonard, J.J.,
"Acute and Prolonged Effects of G Suit Inflation on
Cardiovascular Dynamics," Aerospace Medicine, 40(1l):
40-43, (1969),.

Green, J.F., Miller, N.C.,, "A Model Describing the Re-
sponse of the Circulatory System to Acceleration
Stress,” Annals of Biomedical Engineering, 1,455-467,
(1973),

Greenleaf, J.E., Haines, R,F,, Bernauer, E.M., Morse,

J.T., Sandler, H,, Armbruster, R., Sagan, L., and Van
Beaument, W., "+G, Tolerance in Man After l4-Day Bedrest

-178-

TR APPU

ot ca

s 2 e i e

e s bt st e et A € vk 8ttt e i

e amid




98.

100.

101.

E ?: e 1020

103.

104.

105,

.

.
e i e A e s e T

Periods with Isometric and Isotonic Exercise Con-
ditioning," Aviation, Space, and Envi.onmental Medicine,

46(5):671-678, (1975).

Grether, W.F., "Acceleration and Human Performance,"
Aerospace Medicine, 42(11):1157-1166, (1971).

Grigg, P., "Mechanical Factors Influencing Response of
Joint Afferent Neurons from Cat Knee," Jourrnal of
Neurophysiolecgy, April, (1975).

Gum, D.R,, "Modeling of the Human Force and Motion-
Sensing Mechanisms," AFHRL-TR~72-54, (1973).

oo Ao 2 Rtk e, st . i e ‘

Gurovsky, N,N,, "Medical Investigations During the
Flights of Soyuz-12, Soyuz-13, Soyuz-14, and the
Salyut-3 Orbiting Space Station," A Reproduced copy of
N75-25516, Aug. (1965).

A n rmat ot

Guyton, A.C., Textbook of Medical Physiology, 5th
Edition, W.B. Sanders Co., (1976). ?

Haines, R.F., "A Review of Peripheral Vision Capabili-
ties for Display Layout Designers," Proceedings of the ;
S.I.D., Vol. 16/4, Fourth Quarter, (1975). ]

Haines, R,F., "Effect of Passive 70° Head-Up Tilt on
Peripheral Visual Response Time," Journal of Applied
Physiology, Vol. 34, No. 3, March, (1973). é

Haines, R.F., "Effect of Prolonged Bedrest and +G,
Acceleration on Peripheral Visual Response Time," NASA .
TN D-7161, (1973). i

-179-




106. Haines, R.F., "Effect of Prolonged Bedrest and +G, Ac-
celeration Upon Peripheral Visual Response Time," Aero-
space Medicine, 44(4):425-432, (1973).

; 107, Haines, R.F., Rositano, S.A., and Greenleaf, J.E., "Ef-
;‘ fect of Gradual Onset +G; Acceleration on Rate of Change
' : of Visual Field Collapse and Intraocular Pressure," Life
;i Sciences Directorate Ames Research Center, Moffett
Field, CA, (1978).

- o

108, Hanson, R., Cornog, D., and Hertzberg, H.T.E., "Anno-
tated Bioliography of Applied Physical Anthropology in
1 Human Engineering," WADC TR 56-30, May (1958),

109, Henzel, J.H., "The Human Spinal Column and Upward Ejec- i
; tion Acceleration: An Appraisal of Biodynamic Implica-
tions," Aerospace Medical Research Laboratories, Aero-
space Medical Division, Air Force Systems Command,
Wright-Patterson Air Force Base, Ohio, Sept. (1967).

110, Hirsch, C., "Biomechanics in Motor Skeletal Structures," ' :
Aerospace Medical Research Laboratories, Aerospace |
Medical Division Air Force Systems Command,

Wright-Patterson Air Force Base, Ohio, Dec, (1971),

Hitchcock, L., Chambers, R.M., "Effects of Acceleration 3
on Pilot Performance,"™ Aviation Medical Acceleration
Laboratory HADC-MA-6219, March (1963).

Holden, F.M., et,al, "Evaluation of Arterial Oxygen
Concentration in Humans Exposed to G, Gy Acceleration
Forces," Aerospace Medical Research Laboratory, Wright-
Patterson Air Force Base, Ohio, November (1973).




113.

114.

115,

116.

1 117.

i 118,

119,

120,

121,

HONEYWELL Radiation Center, "Helmet Mounted Oculometer,"
Forbes Road, Lexington, Mass., Oct. (1977).

Houk, J.C., "The Phylogeny of Muscular Control Config-
urations", Biocybernetics IV: 125-144, VEB Gustav !
Fischer, Verlag, (1972).

Houk, J.C., Singer, J.J., and Goldman, M.R,, "An Eval-
vation of Length and Force Feedback to Soleus Muscles of
Decerebrate Cats", J. Neurophysiology, 33:784-811,
(1970).

Howard, I.P., Templeton, W.B., Human Spatial Orienta-
tion, John Wiley & Sons, (1966).

R e T 2 I O e S R

Howard, J.C., "A G-Load Display for Remotely Piloted
Vehicles and Other Aircraft that are Subject to Man-
euvering Constraints," National Aeronautics and Space
Administration, Washington, D.C., Sept. (1975).

PR ... PO

Howard, J.C., "Feasibility of Using Lower Body Negative
Pressure (LBNP) to Simulate Transient and Sustained Ac-
celeration Forces," NASA-AMES LTI:239--3 Moffett Field,

CA, March (1976).

Howard, J.C., "Precautions Taken to Ensure the Safety of ﬁ
Subjects During LBNP Experimentation,”™ NASA-AMES ‘
memorandum, March (1976).

Howard, P., "The Effects of High Speed Flight on the
Human Body," Triangle, Volume 7 Number 8 (1968).

Hutton, G.B., "Vertical Cockpit Accelerations Measured i
on an Operational Jet Transport Aircraft," Aeronautical
Research Council Current Papers, Oct., (1969),

-181-

. — o ——————————_ S
— R TT

.- e : ko g - e A :

IR & WL Ol S Y NN LR S ORI T S, « o Ry LAyt e




T T B i 8 v oo

.-..M‘..m,,w
¥ DT tretmua e e

;
i
g

m” YR n s oA,

122,

123.

124,

125.

126.

127.

128,

129

Hyde, A.S., Raab, H.W., "Summary of Human Tolerance to
Prolonged Acceleration," Biophysics Laboratory, Aero-

space Medical Research Laboratories, Aerospace Medical
Division, Air Force Systems Command, Wright-Patterson

Air Force Base, Ohio, Feb. (1965),

Inman, D.R., Peruzzi, P., "The Effects of Temperature on
the Responses of Pacinian Corpuscles,"” J. Physiol,

Isniko, N., Loewenstein, W.R,, "Effects of Temperature
on the Generator and Action Potentials of a Sense Or-
gan," The Journal of General Physiology, Vol, 45:
105-123, (1961).

Jacobs, D.H., "Fundameritals of Optical Engineering,” New
York and London McGraw Book Co., Inc., (1943).

Jacobson, L.B., Hyatt, K.H., and Sandler, H., "Effects
of Simulated Weightlessness on Responses of Untrained
Men to +Gj Acceleration," Journal of Applied Physiology,
36(6):745-752, (1974).

Jaeger, E.A., Severs, R.J., Weeks, 5.D.,, and Duane,
T.D., "Visual Field Changes During Positive Accelera-
tion," Aerospace Medicine, pp. 969-1072, Oct. (1964).

Jaeger, E.A., Weeks, S.D., and Duane, T.D., "Perimetric
and Visual Acuity Changes During Ophthalmodynamometry,"
Archives of Ophthalmology 71: 484-~488, (1964),

Jagper, H,, Cipriani, A., and Lotspeich, E., "Physio-

logical Studies on the Effect of Positive Acceleration
in Cats and Monkeys," DCC Report Bibliography, Search

Control No. 062819 (1942).

-182-

s e ol L




130,

131.

PR

132,

i

133,

134,

135

136.

137.

T e T Y. WS WA~ e e e

Johnstoin, R.S,, Dietlein, L.F., "Biomedical Results from
Skylab," National Aeronautics & Space Administration,
(1977). ‘

Jones, G.,M., "Interactions Between Optokinetic and
Vestibulo=-Ocular Responses During !lead Rotation in
Various Planes," Aerogpace Medicine, Feb. (1966).

Kazamias, T.M., Gander, M.P., Franklin, D.,L,, and Ross,
J., "Blood Pressure Measurement with Doppler Ultrasonic
Flowmeter," Journal of Applied Physiology, 30(4):585588,
(1971).

Keatinge, W.R., Howard, P., "Effect of Local Cooling of
the Legs on Tolerance to Positive Acceleration," Journal
of Applied Physiology, 31(6):819-822, (1971).

Kennealy, J.A., Kirkland, J.S., and Sneider, R.E.,
"Bradycardia Induced by Negative Acceleration," Avia-
tion, Space, and Environmental Medicine 47(5): 483-383,
(1976) .

Kennedy, K.W., Kroemer, K.H.E., "Excucrsions of Head,
Helmet and Helmet-Attached Reticle Under +G, Forces,
AMRL-TR- 72~127, May (1973).

Kirkland, V.E., "A Technique for Photographing Human
Retinal Circulation During Blackout on the USAFSAM Human
Centrifuge,” USAF School of Aerospace Medicine,
Aerospace Medical Division (AFSC), Brooks Air Force
Base, Texas, March (19€8),

Klein, K.E., Bruner, H., Jovy, D., Vegt, L. and Wegmann,
H.M., "Influence of Stature and Physical Fitness on

-183-

b s v inli ar11 e bam

s o it i e L b em

-
.oy oon

o




TR 1 e g are e

TP A o

Chisbo i at: wete ot Sl

A T s i

-

138,

139,

140,

141,

142,

143.

Tilt-Table and Acceleration Tolerance," Aerospace
Medicine, 40(3):293-297, March (1969),

Knepp, C.F., "Response of the Cardiovascular System to
Vibration and Combined Stresses,” Interim Scientific

Report, Sept.-Aug. 1975,

Kotovskaya, A.R., "Certain Problems Resulting from
Effects of Acceleration During Space Flight (Effects of
Cunulaticn and Adaptation)", National Aeronautics and
Space Administration, Washington, November (1966),

Kroemer, K.H.E., "Effects of High G on Pilout Muscle
Strength Available for Aircraft Control Operation,"
Acrospace Medical Research Laboratory, Aerospace Medical
Division, AFSC, Wright-Patterson AFB, Ohio,
AMRL-TR-73-22, July (1976).

Kroemer, K.H.E., "Human Force Capabilities for Operating
Aircraft Controls at 1, 3, and 5 G;." Aerospace Medical
Research Laboratory, Aerospace Medical Division, Air
Force Systems Command Wright-Patterson Air Force Base,
Ohio, February (1975).

Kroemer, K.H.E,, Kennedy, K.W.,, "Involuntary Head Move-
ments and Helmet Motions During Centrifuge Runs with up
to +6 G,," Aerogpace Medicine, 44(6):639-644, June
(1973).

Kron, G.J., Kleinwaks, J.M., "Development of the Ad-
vanced G Cuing System," Compendium of AIAA Flight Simu-
lation Conference Papers: 1-14, (1978),

-184-

N Ry
T et e LOE I e MY N e

S T

i Rt il b e s



P 144, Krutz, R.W., Rositano, S.A., and Mancini, R.E,, "Compar-
; ison of Techniques for Measuring +G, Tolerance in Man,"
E Journal of Applied Physiology, 38(6):1143-1145, (1875).

% 145, Krutz, R.W., Rositano, S.A., and Mancini, R.W., "Corre-
- lation of Eye-Level Blood Flow Velocity and Blood Pres- !
sure During +G, Acceleration," USAF School of Aerospace
Medicine, Aerospace Medical Division (AFSC), Brooks Air
Force Base, Texas, November (1973).

146, Kydd, G.H., Ashley, A,, "Physiclogic Responses to Short

1 [. Duration G;," Department of the Navy, Aerospace Medical
!‘ Research Department, NADC-MR-7012, Auqust (1970). j
147, Labarthe, D.R., Hawkins, C.M., and Remington, R,D., §

"Evaluation of Selected Devices for Measuring Blood
Pressure,” American Journal of Cardiology,
32(9):546-553, (1973).

148, Lackner, J.R., Graybiel, A,, "Some Influences of Touch
and Pressure Cues on Human Spatial Orientation," Avia- :
tion,; Space and Environmental Medicine, 49(6):798-804, :
(1978),

149, Lamb, L.E., Stevens, P.M., "Influence of Lower Body
Negative Pressure on the Level of Hydration During
Bedrest," Aerospace Med., Dec. (1965).

sl s .. b sntih

150, Lambert, E.H., "Comparison of the Protective Value of an
Antiblackout Suit on Subjects in an Airplane and on the
Mayo Centrifuge," Aviation Medicine, V 21: 28-37,
(1950).

151, Lambert, E.H., "The Physiclogic Basis of Blackout as it
Occurs in Aviators", Fed. Proc., 4:43, (1945).

=185~




!Fgumsaw@,

B e e L

152.

153,

154.

155,

156.

157.

158,

159,

Largerwerff, J.M., Luce, R,S., "Artifact Suppression in
Indirect Blood Pressure Measurements," Aerospace Medi-
cine, 41(10):1157-1161, (1970).

-
[ _BCRTIR |

Lavnikov, A.A., "Principles of Aviation and Space Medi-
cine," National Aeronautics and Space Administration,
March (1977).

oy gy

Leverett, S.D,, Jr., Burton, R.R., "The Use of a Fixed
Base Simulator as a Training Device for High Sustained
or ACM (Air Combat Maneuveriny) +G, Stress," AGARDograph
189:A8-1 to A8-8, April (1976). "

Leverett, S,D,, Jr., Cooper, K.H., "Physical Condition-
ing Versus +G, Tolerance," Aerospace Medicine, May
(1966),

Leverett, S.D. Jr., Gillingham, K.K,, Unpublished Notes,
Viewgraphs and Pilot Comments Relative to High G
Training (1978).

Levison, W.H., "Biomechanical Response and Manual Track-
ing Performance in Sinusoidal, Sum-of-Sines, and Random
Vibration Environments," Aerospace Medical Research Lab-
oratory, Aerospace Medical Division, Air Force Systems
Command, Wright-Fatterson Air Force Base, Ohio, April
(1976).

Lipman, R.L., Ulvedal, F., Brown, W.K., Leverett, S.D.,
Lecocq, R., and Schnure, J.J., "Metabolic Response to
Acceleration in Man," Aerospace Medicine, 41(8):905-
908, August (1970).

.
(R,

Little, L.J., "The Design and Analysis of a Human Body -
Motion Measurement System," National Technical Infor- -




160,

161,

162.

163,

164.

165.

166.

mation Service, U,S, Department of Commerce, Sept.
(1972),

Little, V.2., Hartman, B.0., Leverett, S.D,, "Effects of
Acceleration on Human Performance and Physiology with
Special Reference to Transverse G," USAF School of
Aerospace Medicine, Aerospace Medical Division (AFSC),
Brooks Air Force Base, Texas, June (190s).

Little, V.2., Sidney, M.A,, Leverett, S.D,, and Hartman,
B.0., "Psychomotor and Physiologic Changes During
Accelerations of 5, 7, and 9 +G,," Aerospace Medicine,
November (1968).

Liu, Y.K., Cowin, S.¢., Rosenberg, D.U.,V., and Adams,
K.A., "A Continuum Model of the Primate Body Response to
Impact," Aerospace Medical Research Laboratory, Jan.
(1972),

Loewenstein, W.R., "Mechano-Electric Transduction in the
Pacinian Corpuscle, 1Initiation of Sensory Impulses in
Mechanoreceptors,” Handbook of Sensory Physiology Vol, I
Principles of Receptor Physiology (1971).

Lohrbauer, L.A.,, Wiley, R.L., Shubrooks, S.J., and
M>Cally, M., "Effect of Sustained Muscular Contraction
on Tolerance to +G, Acceleration," Journal of Applied

Physiology, 32(2):203-209, (1972).

London, S.B., London, R.E., "Critique of Indirect
Diastolic Ed Point," Archives of Internal Medicine,
119:39-4Y, (1967).

MacKenzie, W.F,, Burton, R,R., "Heart Pathology Associa-
ted with Exposure to High Sustained +G,," Aviation,

-187-

. R

kil ks . € i Dilin e ot o ad don o

ot iarn s




Space and Environmental Medicine, 46(10):1251-1253,

167. McGuire, T.F., "The Normal Human EKG and its Common
Variations in Experimental Situations," Aero Medical -

Labc. ~atory, June (1956),

168, Meier, G,E., Sackman, J.G., and Grabmaier, Application
of Liquid Crystals, Springer Verlag, (1975).

169, Mercier, A., "Visual Problems in Aviation Medicine"

3 170, Mercier, A.,, Perdriel, G., and Whiteside, T.C.D.,
"Problems of Vision in Low Level Flight," North Atlantic
Treaty Organization, (1967).

171, Middleton, D.B.,, Hurt, G.J. Jr., Wise, M.,A,, and Holt,

J.D., "Description and Flight Tests of an Oculometer,"
: National Aeronautics and Space Administration, Washing-
ton, D.C., June (1977).

172, Military Specification Lighting, Instrument, Integral, _
White and Red; MIL-L-27160C (USAF) and MIL-L-25467D, May
(1964) . ;’
173, Miller, N.D., "Evaluation of Non-Invasive Physiologic i

Measurement Techniques," Technology, Incorporated, San
Antonio, Texas, Dec. (1976).

174, Miller, P,B., Leverett, S.D., "Tolerance to Transverse
(+Gy) and Headward (+G,) Acceleration After Prolonged
Bed Rest," Aerospace Medicine, (1):13-15, (1965).

175, Mizen, N.J., "Design and Test of a Full-Scale Wearable
Exoskeletal Structure," Interim Technical Report Con-

-188-

[P




-,4—.—...,ﬂ

176.

177,

178,

179,

180.

181,

182.

W W

Lddme Lo e L e e sl b o€

tract No. NONR-3830(00) CAL Report No, VO-1692-V-3,
March (1964).

Mohler, S.R., "G Effects on the Pilot During Aero-
batics," Federal Aviation Administration, Washington,
D.C., July (1972).

Montgomery, L.D., Kirk, P.J., Payne, P.A., Gerber, R.L.,
Yewton, S.D., and Williams, B,A., "Cardiovascular
Respaonses of Men and Women to Lower Body Negative Pres-
sure,” Aviation, Space Environmental Medicine, 48(2):
138-145, (1977).

Mueller, G.G., Seasory Psychology, Prentice-Hall Inc.,
New Jersey, (1965).

M-cray, R.H., Kro7. 7., Carlson, L.D., and Bowers, J.A.,
*{umulative Effects of Venesection and Lower body
Negative Fressuvre," Aerospace Medicine, March (1967).

Musyrave, F.S., Zechman, F.W., and Mains, R.C., "Compar-
ison of the Effects of 70° Tilt and Several Levels of
Lower Body Negative Pressure on Heart Rate and Blood
Pressure in Man," Aerospace Medicine, 42(10):1065-1069,
(1971).

Mutch, J.R., "The Lacrimation Reflex," The British
Journal of Ophthalmology, July (1944),

Muzzy, W.H. III, Lustick, L., "Comparison of Kinematic
Parameters Between Hybrid II Head and Neck System with
Human Volunteers for -G, Acceleration Profiles," Naval
Aerospace Medical Research Laboratory Detachment, June
(1977).

~-189-

v b

ki

s S o o e Lt i

IR SIS




T TR O L e T

183,

184,

185,

186,

187,

188.

189,

Nagasaka, T., Mori, S., Takagi, S. and Mitarai, G.,
"Changes in Cerebral Blood Flow and Brain Temperature
induced by Lower Body Negative Pressure," The Japanese
Journal of Physiology, v. 19, pp. 260-271, (1969).

Nieding Von, G., Krekeler, H., "Effect of Acceleration
on Distribution of Lung Perfusion and on Respiratory Gas
Exchange," Plugers Arch, 342, 159-176 (1973).

Niven, J.I.,, Whiteside, T.C.D., and Graybiel, A., "The
Elevator Illusion: Apparent Motion of a Visual Target
During Vertical Acceleration,” Bureau of Medicine and
Surgery, Project MRO0O5., 13-6001, October (1963).

Nunneley, S.A., Shindell, D.S., "Cardiopulmonary Effects
of Combined Exercise and +G, Acceleration," Aviation,
Space, and Environmental Medicine, 46(7):878-882,
(1975).

Nutter, D,O., Hurst, V.,W., and Murray, R.H., "Ventri-
cular Performance During Graded Hypovolemia Induced by
Lower Body Negative Pressure,” Aerospace Medical Re-
search Laboratories, Wright-Patterson Air Force Base,
Ohio, January (1969).

O'Briant, C.R,, Ohlbaum, K., "Visual Acuity Decrements
Associated with Whole Body +G, Vibration Stress,"
Aerospace Medicine, 41(1): 79-92 (1970).

O'sBrien, J.A., Sloan, G.H., and Thorpe, R.W., "Annual
Report in Support of Joint Army Navy Air Crew Impact

Prevention Program,”" QEI Inc. Bldg., 6 Third Avenue,

Burlington, Mass., Nov. (1972),

=190~

okt et Ltw‘kﬁ.ﬂm%‘m .

Ei
g
!




A AT e o vy s =

B e ump—
" N

-

190,

191.

192,

193,

194,

195,

196,

197,

e o

Olson, R.M., "Human Carotid Artery Wall Thickness,
Diameter, and Blood Flow by a Noninvasive Technique,”
Applied Physiology Branch, Environmental Sciences Divi-
sion, USAF School of Aerospace Medicine, Brooks Air
Force Base, Texas, Dec. (1974),

Ormsby, C.C., "Model of Human Dynamic Orientation," PHD
Thesis MIT, NASA CR-132537 N75-12585 Jan. (1976).

0'Rourke, J., "Measurement of Human Head Resultant Ac~-
celeration During Impact," Naval Air Development Center
Warminster, Penn,, November (1974).

Parin, V.V., "Evaluation of Soviet Reprint: Response of
the Circulation System to the Effects of Accelerations
and Weightlessness," Aerospace Medical Division, Deputy
for Foreign Technology, Feb. (1966).

Parker, J.F., "Bioastronautics Data Book," Bio Tech-
nology, Inc. (1973).

Parkhurst, M.J., Leverett, S.D., and Shubrooks, S.J.,
"Human Tolerance to High, Sustained +G, Acceleration,"
Aerospace Medicine, 43(7):708-712, (1972).

Permutt, S., Bromberger-~Barnea, B., and Bane, H.NW.,
"Alveoler Pressure Pulmonary Venous Pressure and the
Vascular Waterfall," Med. Thorac. 19: 239-260, (1962).

Peterson, D.F., Bishop, V.S., and Erickson, H.H., "AntiG
Suit Effect on Cardiovascular Dynamic Changes Due to +G,
Stress," Department of Pharmacology, The University of
Texas Health Science Center at San Antonio, and US air
Force School of Aerospace Med. April (1977).

-191-~

1
{
3
1
]
i

TN N

et s i




198, Potanin, C., Morehead, S., Neblett, W.W., and Sinclair-
Smith, B.C., "Respiratory Mechanics with Lower Body
Negative Pressure (LBNP) A Simulation of the Erect Pos-
ture," Aerospace Medicine, 40(10): 1101-1104, (1969).

it st Tl A A o e ‘..L..uﬂ

Vl 199, Prasad, P., Mital, N., King, A.I., and Patrick, L.M.,
"Dynamic Response of the Spine During +Gy Acceleration,"
Wayne State University, ONR N00014-75-C-1015,

200, Priestly, E.B,, Introduction to Liquid Crystals, Plenum
Press, New York, (1975).

201. Putzulu, D,A., Rota, P., "Ricerche Sperimentali Circa
Gli Effetti Della Manovra Di Muller Sulla Resistenza
Alle Accelerazioni-G,," Riv. Med. Aeron, e Sp., XIX,
(1966).

202, Rance, B,H., Barnes, G.R., "Head Movement Induced by
Angular Oscillation of the Body in the Pitch and Roll
Axes," Aviation, Space, and Environmental Medicine, .
46(8):987-993, (1975).

203, Reading, V.M., "Analysis of Eye Movement Responses and
Dynamic Visual Acuity," Magers Arch, 333: 27-34, (1972).

204, Roberts, L.G., "The Lincoln Wand," Lincoln Laboratory,
{ Massachusetts Institute of Technology, Lexington, Mass.

205, Rodbard, S., Robbins, A.S., "The Components of the
Korotkoff Sounds," American Heart Journal, 74(2):
278-282, (1967).

. .
P fireoad s radme s RN VO




206,

207.

208,

209,

o 210,

211,

212,

Rogers, D., Quam, D., "Myoelectric Feedback Control of
Acceleration Induced Viscal Scene Dimming in Aircraft
Training Simulators," Published in the 1978 NTEC Con-
ference, NAVTRAEQUIPCEN IH-306, Orlando, Fla.

Rogge, J.D., "Relation of Signal Light Intensity to

Physiologic End Points During +G; Acceleration," USAF
School of Aerospace Medicine, Aerospace Medical Divi-
sion, (AFSC) Brooks Air Force Base, Texas, May (1968),

Rogge, J.D., Meyer, J.F., and Brown, W.K., "Comparison
cf the Incidence of Cardiac Arrhy..umias During +G, Ac-
celeration, Treadmill Exercise ar’ Tilt Table Testing,"
Aerospace Medicine, 40(1):1-5, (1969).

Rositano, S.A., Gillingham, K.K., Sandler, H., and
Skrettingland, K.R., "Correlation of Eye Level Blood
Flow Velocity and Peripheral Light Loss During +G,
Stress," Aerospace Medical Association, (1975).

Ross, B.M., Chambers, R.M., "Effects of Transverse
G-Stress on Running Memory," Perceptual and Motor
Skills, 24, 423-435, (1967).

Rotlie, W.E., "Research on the Human Physiologic ‘Response
to Prolonged Rotation and Angular Acceleration," USAF
School of Aerospace Medicine Aerospace Medical Division
(AFSC) Brooks Air Force Base, Texas, September (1967).

Rothstein, J.D., Hanson, P.G., "Cardiac Rate Changes in

Humans After Abrupt Deceleration,"” Journal of Applied
Physiology, 22(4):645-647, (1967).

=193~

PEORY O,




AT

213.

214.

215,

216.

217.

218,

219.

Ruskin, S.L., "Control of Tearing by Blocking the Nasal
Ganglion," Reprinted from Archives of Ophthalmology, V.
4:208-211, (1930).

Ryan, E.A., Kerr, W.K., and Franks, W.R., "Some P ysio-
logical Findings on Normal Men Subjected to Negat. ve
G.," Aviation Medicine, June (1950).

Sackner, M.A,, Wanner, A., "Detection and Prevention of
G-Induced Regional Atelectasis, Ede¢ma, and Hypoperfu-
sion," Division of Pulmonary Diseases of Mt, Sinai
Medical Center, Miami Beach, Florida, Oct, (1973).

Sackner, M.A., Wanner, A., "Effects of G-Induced Stress
on Pulmonary Circulation," Division of Pulmonary
Diseases of Mt, Sinai Medical Ceriter, Miami Beach,
Florida, May (1975).

Schneider, L.W., Bowman, B.M., Snyder, R.G., and Peck,
L.S., "A Prediction of Response of the Head and Neck of
the U.S, Adult Military Population to Dynamic Impact Ac-
celeration from Selected Dynamic Test Subjects," Highway
Safety Research Institute/University of Michigan, May
(1976).

Sears, W.J., Meehan, J.P., "Effects of LBNP on Central
Venous Pressure, Venous Tone and Heart Rate," Reprinted
from Federation of American Societies for Experimental
Biology. Proceedings, V. 25, PP, 393, (1966).

Sergeylev, A.A., "Physiological Mechanisms of the Action
of Accelerations," U.S. Department of Commerce
Clearinghouse for Federal Scientific and Technical In-
formation, November (1967).

-194-

et S

[ I

ool iR . uduwﬁmm_u....j

co e e




} ‘e 220,

221,

Skaw, D.B,, Cinkotai, F., and Thomson, M.L., "Syncope
Ihduced by Application of Negative Pressure to the Lower
Body and its Effect on Lung CO Diffusing Capacity,"
Aerospace Medicine, pr. 154-157, February (19466),

Shubrooks, S.J., "Changes in Cardiac Rhythm During Sus-
tained High Levels of Positive (+G,) Acceleration,”
Aerospace Medicine, 43(1l1): 1200-1206, (1972).

lrrls s

Shubrooks, S.J., "Positive Pressure Breathing as a
Protective Technique During +G; Acceleration", Journal
of Applied Physiologqy, 35(2):2940297, (1973).

SVNVNRIRWIT ] NE R

shubrooks, S.J., Epstein, M., and Duncan, D.C,, "Effects
of an Anti-G Suit on the Hemodynamic and Renal Responses
to Positive (+G,) Acceleration," Journal of Applied
Physiology, Vol. 36, No. 3 March (1974).

o L

Shubrooks, S.J., Leverett, S.D., "Effect of the Valsalva
Maneuver on Tolerance to +G; Acceleration," Journal of
Applied Physiology, Vol. 34, No. 4, April (1973),

Smith, P., "Multiplexing Liquid-Crystal Displays", Elec-
tronics, May (1978),

- A e )
Ll i i s b e it

Sorokina, Y.I., "Certain Aspects Concerning Oxygen
Metabolism of the Body Exposed to Prolonged Accelera-
tions," National Aeronautics and Space Administration,
Washington, D.C., August (1967).

PETRED P S

Southall, J.P., "Introduction to Physiological Optics,"
New York, Dover (1937).

"Space Biology and Aerospace Medicine," No. 5, (1977),.




229, Stauffer, F.R., "Tiie Effect of High Acceleration Forces
Upon Certain Physiological Factors of Human Subjects
Placed in a Modified Supine Positicn: SOC Project
9-U-37a: Position 3," U,S., Naval School of Aviaticn
Medicine and Research, October (1949),

230. Stein, P.D., Blick, E.F., "Arterial Tonometry for the
Atraumatic Measurement of Arterial Blood Pressure,"
Journal of Applied Physiology, 30(4):593-596, (1971).

i
i
i

231. Steiner, S.H., Mueller, G.C.E., "Pulmonary Arterial
Shunting in Man During Forward Acceleration," Journal of
Applied Physiology, 16:1081-1086 (1961).

232, Steiner, S.H., Mueller, G.C.E., and Cherniack, N.S.,
"Pulmonary Gas Transport as Influenced by a Hyper-
gravitational Environment," Journal of Applied
Physiology, 16:641, (1961),

.. PP e k€ b o Mk L

. H

233. Stevens, P.M., Lamb, L.E., “"Effects of Lower Body Nega- :
tive Pressure on the Cardiovascular System," The
American Journal of Cardiology," V. 16, pp. 506-515,
October (1965).

234, Stoll, A.M,., "Human Tolerance to Positive G as Deter-
mined by the Physiological End Points," Aviation Medi-
Cinep ppo 356-366' (1956)-

PRI T T, R TR e e e s

o il . rartmi, 7 s st A il v ot

235, Stone, H.L., Alexander, W.C., "Abdominal Blood Flow
] Changes During Acceleration Stress in Anesthetized
Dogs," Aerospace Medicine, February (1968), ;

236. Stone, H.L., Erickson, H.H., and Sandler, H., "Changes ] {
g in Mesenteric. Renal, and Aortic Flows with +G, Accel- T ]
eration," Aerospac. Medicine, 45(5):498-504, (1974). " j

~196- -

—




¥

Wt
L]

237, Swearingen, J.J., "Protection of Shipboard Personnel
Against the Effects of Severe Short-Lived Upward Forces
Resulting from Underwater Explosions," Civil Aeromedical
Institute Oklahoma City, January (1960).

233, Tabusse, L., Pingannaud, P.M., "The Physicpathological
Effects of Acceleration on Astronauts", NASA TT F-15,
384, February (1974).

239, Tennyson, S.A., Mital, N.K,, and King, A.I., "Electro-
myographic Signals of the Spinal Musculature During +G,
Impact Acceleration,” Orthopedic Clinics of North Amer-
ica - Vol. 8, No. 1, January (1977).

;
:
1
?
!
|
3
|

. 240, Thorner, M., "The Ophthalmic Artery Pulsensor," Transac- :

: tions of the American Neurology Association 86:161-164, i

' (1961). :
241, Trumbull, R., "Environment Modification for Human

Performance," Office of Navzl Research, Sept. (1965).

SER 242, Urschel, C.W., "Pulsus Paradoxus Effect of Gravity and
p Pl Acceleraticn in its Production,"™ The American Journal of ]
§ : Cardiclogy, Vol. 19, pp. 360-364, March (1967).

243, Urschel, C.W.,, Hood, W.B., "Cardiovascular Effects of |
Rotation in the Z Axis," Aerospace Medicine, pp. 254,
March, (1966), :

’ ' 244, Vagil'yev, P.V., Kotovskaya, A.R., "Prolonged Linear and
' Radial Accelerations," Moscow Acadamy of Sciences, USSR, i
(1973).




b e T

245, Verghese, C.A., Nair, C.S., "New Criteria in Indirect
Blood Pressure Recording," Aerospace Medircine, 40(12):
1377-1380, (1969).

246, Vogl, E., "Differences Between Simulation and Real World
at the IABG Air to Air Combat Simulator with a Wide ‘
Angle Visual System™, AGARD-CP-249, (1978). §

§ 247, vogt, L.H., Coermann, R.R., and Fust, H.D., "Mechanical
Impedance of the Sitting Human Under Sustained Acceler-
acion,” Aerospace Medicine, July (1968). :

p—

248, Vogt, L.H., Krause, H.E., Hochlweck, and Devlr, E.M.,
"Mechanica’l Impedance of Supine Humans Under Sustained
Acceleration," Aerospace Medicine, 44(2):123-128,

¢ (1973).

R D)

: 249, Vykukal, H.C., "Dynamic Response of the Human Body to
Vibration When Combined with Various Magnitudes of

Linear Acceleration," Rerospace Medicinc, November :
(1968).

M )t

250, Walters R.F,;, "Systems Analysis of Physiological Per-
form:nce R2laced to Strecsses Such as those Experienced
in High Performance Aircraft," University of California,
nFOSP, Bolling AFB, Washington, D.C., Dec. (1976). ¥

] 251, warrick, M.J., Tund, D.W., "Effect of Moderate Posititve

: Accelesration (G) on Ability to Read Aircraft-Type

: Instrumeni Dials," U.S. Air Force Air Material Command

4 Jright-Patterson Air Force Base, November, (1946). o

252, Watson, J.F., Cherniack, N.S., "Effects of Positive 3
Pressure Breathing on the Respiratory Mechanics and Tol- -

-198- -}

Dt B i o e i e AT L S Ly s s e




erance to Forward Acceleration," Aerospace Medicine,
33:583, (1962).

dnahudaiitif

253, Watson, J.F,.,, Cherniack, N.S. and Zechman, F.W., "Res-
piratory Mechanics During Forward Acceleration," J.Clin.
Inves., 39:1737, (1960).

254, Weaver, J., Rubinstein, M., Clark, C.C., Gray, R.F.,

{é "Encapsulation of Humans in Rigid Polyurethane Foam for

: Use as a Restraint System in High Acceleration Environ-

ments," Aviation Medical Acceleration Laboratory, May 3
(1962).

255. Weeks, S.D., Jaeger, E.A., and Duane, T.D.,, "Plethysmo-
graphic Goggles: a New Type of Ophthalmodynamometer,"
Official Journal of The American Academy of Neurology, é
; Vol. 14 - No. 3, March (1964). |

1 - 256. Weissler, A.M., "Non-Invasive Methods for Assessing Left

T Ventricular Performance in Man," American Journal of j
e Cardiology, 34(7):111-114, (1974). 5
3 -

E i 257. West, J.B., "Regional Differences in Gas Exchanged in

3 the Lung of Erect Man," Journal of Applied Physiology, 3
' 17:893-898, (1962).

White, W.J., Riley, M.B., "The Effect cf Positive Accel- z
eration (G) on the Relation Between Illumination and ;
Dial Reading," Reprinted from Symposium on Air Force i
Human Engineering, Personnel and Training Research
NAC=-NRC Publication 455, National Academy of Sciences,
Washington, D.C., (1956).




259, Wilburn, D.L., Kurzenberger, J.L., "Kinematic Analysis i
of a Six Degree of Freedom Vibration Table," Aerospace
Medical Research Labovratory, September (197Q). =

I

260, Wolthuis, R.A,, Bergmen, S.A., and Nicogossian, A.E.,

] "Physiological Effects of Locally Applied Reduced Pres-

sure in Man," Physiological Reviews, Vol, 54, No. 3, T
July (1974). *

A imsat L i e o

261. Wolthuis, R.A., Hoffler, G.W., and Baker, J.T,, "Im- *
E proved Waist Seal Design for Use with Lower Body
: Negative Pressure (LBNP) Devices," Aerospace Medicine, .

42(4):461-462 (1971).

262, Wolthuis, R.A., Hoffler, G.W., and Johnson, R.L., "Lower

1 Body Negative Pressure as an Assay Technigue for

, Orthostatic Tolerance: 1. The Individual Response to a

k% Constant Level (~40 mm. Hg) of LBNP," Aerospace Medi-
cine, 41(1):29-35, (1970).

T
e S, T TSNP

263, Wolthuis, R.A., Hoﬁfler; G.W., and Johnson, R.L,, "'Lower
Body Negative Pressure as an Assay Technique for
Orthostatic Tolerance: Part II, A Comparison of the
Individual Response to Incremental vs Constant Levels of
LBNP," Aerospace Medicine, 41(4):419-424, (1970).

i S s E B E e Ll

264, Wolthuis, R.,A., Hoffler, G.W., and Johnson, R.L,, "Lcwer
Body Negative Pressure as an Assay Technique for
Orthostatic Tolerance: III., A Comparison of the Indi-
vidual Response to Incremental Leg Negative Pressure vs.
Incremental Lower Body Negative Pressure," Aerospace
Medicine, 41(12):1354-1357, (1970). .

euanatila,

-200~-

e P - e e o e o

~ LI .
Lty




TR

[ v

265,

266,

267,

268,

269,

270.

271.

272,

273,

Wood, E.,H,, "Some Effects of Gravitational and Inertial
Forces on the Cardiopulmonary System," Aerosvace Medi-
¢ine, Ma:ch (1967).

Woodcock, A., "Bodily Acceptance of Locally Applied
Heat," Quatermaster Climatic Research Laboratory Final
Report Contract DA44-109-gri-1289.

Woodson, W.E,, Conover, D.'7., Human Engineering Guide
for Equipment Designers, University of California Press,
(1966),

Young, L., Unpublished Correspondence, Massachusetts In-
stitute of Technology, February (1978).

Young, L., Unpublished Correspondence, National Aero-
nautics and Space Administration, June (197€).

Young, L., Unpublished Notes of Meeting with Dana
Rogers, (1978).,

Young, L.R., Kupfer, C., "A Systems Analysis View of
Intraocular Fressure Regulation," Digest of the 6th
International Conference on Medical Electronics and
Biological Engineering, (1965).

Younyg, L.R., Sheena, D., "Methods and Designs - Survey
of Eye Movement Recording Methods," Behavior Research
Methods & Instrumentation, Vol. 7(5), 397-429, (1975).

Zarriello., J.J., Norsworthy, M.E., and Bower, H.R., "A
Study of Early Greyout Threshold as an Indicator of
Human Tolerance to Positive Radial Acceleratory Force,"
Bureau of Medicine and Surgery Research Project NM 11 02
11 Subtask 1 Report No. 1, July (1958).

-201-

TP 31 NPT




TEW YRR T

274, Zechman, F.W., Cherniack, N.S.; and Hyde, A.S., "Ven- ' ]
tilation Response to Forward Acceleration," Journal of i g

Applied Physiology, 15:907, (1960).

Applied Psychology, v. 22, pp. 247-250, (1967).

275, Zechman, F.W., Mueller, G., "Effect of Forward Acceler- ) _
ation and Negative Pressure Breathing on Pulmonary Func- - g
tion," Journal of Applied Physiology, 17:909, (1962). A §

276 . 2echman, F.W., Musgrave, F.S., Mains, R,C., and Cohn, E %
J.E., "Respiratory Mechanics and Pulmonary Diffusing f
Capacity with Lower Body Negative Pressure," Journal of ‘§ %

%

[
L —

277, Zotterman, Y., Sensory Functions of the Skin in Pri- i
mates, Pergamon Press, New York, (1976). i
3
n
. i
] !
§
-202- §

— - - R L o o G




N
I APPENDIX A
1 HIGH G PHYSIOLOGICAL EFFECTS ;
I @

-

0 G - R T

ey

e




Y ey

A.l General

'

A very significant portion of this study has been devoted to
searching the body of literature pertaining to human physiological
response to elevated acceleration levels in order to determine the ;
nature and method of manifestation of those effects which are like-
ly to be most noticeable, employed in pilot assessment of flight
dynamics, and/or have impact in aircraft control and mission per- |
formance. Only by identifying the effects and understanding their %
functional relationship to bodily acceleration magnitude will it
be possible to intelligently propose means by which such effects
can be laboratory-simulated and, if found to be important to the g
training task, introduced within operational flight simulators. %
‘e The sponsor of the study suggested that the following physiolog- i
ical systems be investigated; cardiovascular, visual, aural, and :
selected portions of the musculoskeletal and tactile systems. To
this list we added the respiratory system. i

- L]

This section introduces and examines not only physiological
effects we consider to be significant and very likely of impor-
tance in pilot training but also reports on physiological systems
which do not appear to be affected by high G conditions to an
extent worthy of immediate simulation consideration. Secondly, in
i preparing this section, the authors have investigated the normal ]
L operation of the physiological systems in an attempt to determine lﬂ
methods by which these systems might be artificially stimulated to 7
respond in a manner similar to that encountered under high G con-

ditions.,

One of the more troublesome problems experienced in this
search can be characterized as a "too little or too much data" syn-
drome. As will be seen, very little data was found in the area of
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large field tactile response to high G conditions or, alternately,
the importance of tactile response in flight dynamics assessment
and aircraft control. Conversely, a plethora of information
exists in the cardiovascular area, which is the physiological
system most dramatically affected by acceleration often encount-
ered in aircraft maneuvering and produces direct effects on other
physiological systems, especially visual. Not unexpectedly, the
wealth of cardiovascular information leads to apparent contra-
dictions requiring close scrutiny to extract that information
which seems most directly applicabie to physiological effects
likely to occur in routine tactical aircraft high G maneuvering.
Our general approach to this problem has been, where only marginal
amounts of data have been found, to present the complete findings.
Where an abundance of data exists we have presented a synopsis of
those findings which tend to be common within the literature.

Two axis systems are employed within this study for the pur-
pose of defining the directional characteristics of acceleration.
The first is the conventional aircraft body axis system commonly
employed to describe aircraft translational and rotational flight
dynamics. The second is an anatomical axis constructed within the
pilot and reflects the inertial acceleration forces acting on the
pilot's body. These two axis systems are defined in Table A-1l
taken from Fraser (71, after Gell), The table reflects that, for
a conventionally seated pilot, a thrusting maneuver is described
as a +ay aircraft acceleration producing a +Gy chest=-to-back
inertial acceleration reaction on the pilot's body. Likewise a
flat right turn involving +ay produces a leftward +Gy inertial
acceleration reaction, and an increase in aircraft lift or air-
craft nose up rotation involves -a, aircraft acceleration pro-
ducing a +G, head-to-feet inertial reaction. The orientation of
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Table A=l Axis system definition (from Frasger (71))
after Gell).
Table A Tsble B
Direction of acteleration Inertial resultant of body sceelerativa
Direetion ol moton | ompter Acceleration Physiolosical Poompacer | Vernacular
(g‘;';“:‘";) (System 2) (System 3) (’S‘y.:t:.m"d) dmeriptive
fomtmart v uqmn ¢ 2
y" —— ¢ @‘ N
. ’ Forvard &, Suine S 2/ pranec . " X.'
'?(r]:'_e"" ';7 { Fiiwres AP mnmm l‘ A tansure "'f'
g "‘. '
. & LA TY v ‘v Positive G
Systvm 1 Sysem 2 Systemd System ¢
Linear
*Transverse A-P G
Forward +a, Forward sccel. Supine G +G. Eyeballs in
Chest-to-back G
¢ Transverse P-A G
Backward —ay Backward accel. Prone G -G Eyeballs out
. Back-to-chest G
Upward —a, Headward accel. Positive G +G, Eyeballs down
Downward +a. Footward accel. Negative G ~G, “Eyeballs up
To right +8a, R. latera) accel. Left lateral G +G, Eyeballs left
To left —ay L. lateral accel. Right lateral G -Gy, Eyeballs right
Angular
Roll right +1') Roll ~R,
Roll left —p +R.
Pitch up +t| Pitch -R,
Pitch down -q +R,
Yaw right +1: Yaw +l.1.
Yaw left -r —~R.

* The capital lette= G is used as a unit to express inertial resultant to \\hole-body acc leration in multiples of
the magnitude of the acceleration due to gravity. Acceleration due to gravity g. is 980.665 cm/sec? or 32.1739

ft/sec2.

* A-P refers to anterior-posterior.
¢ P--A refers to posterior-anterior,
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the anatomical axis system will be maintained throughout this
study even though the pilot's body may assume a different orienta-
tion in the aircraft. Thus, when considering the reclined atti-
tude the pilct assumes in an Fl6 aircraft, the study will reflect
that increased aircraft 1ift, for instance, yields anatomical axis
inertial reaction components of +Gy and +G,.

A.2 Cardiovascular Effects

The cardiovascular system is the principle part of the body
that is affected by excessive G, duriny aircraft maneuvers (3)
Tolerance to acceleration depends largely upon the response o the
cardiovascular system, It was recognized in the early days of ac-
celeration research that the circulation is more profoundly affect-
ed by positive G, than any other system (8l). These cardiovascu-
lar effects, while they are not serious in and of themselves
{({i.e., they do not in general cause any chronic effects on the
cardiovascular system), are responsible for the progressive deter-
ioration of vision and ultimately loss of consciousness.

It is important to understand these effects in order to prop-
erly synthesize, evaluate and control the various methods for
either simulating or stimulating these effects.,

Since the results of this study are not directed towards the
acceleration physiologist but rather the flight simulation commun-
ity, it seems appropriate, at the risk of appearing pedantic, to
provide some basic background in the cardiovascular physiology.
The reader who is familiar with this information may choose to
skip this section and proceed to the subsequent sections which
deal with the direct effects of acceleration on the cardiovascular
systenm,
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i PHYSIOLOGY OF THE HEART AND CIRCULATORY SYSTEM

: To begin a dAiscussion of the heart and circulation it seems

J appropriate to introduce the anatomy of the heart and its function
as a pump. Subsequently the vascular system and the physics of
blood flow will be reviewed and finally the cardiovascular control
system will be treated briefly. The objective here is not in-
tended to provide an extensive treatment characteristic of a text-
book of medical physiology but rather an overview for the flight
simulation researcher and designer.

The heart is a pulsatile, four chamber pump divided into a
; right half which supplies the pulmonary circulation and a left
(. half which supplies the systemic (peripheral) circulation. Each
half contains an atrium which is an ante~chamber to the ventricle
i (Figure A,2-1), The ventricles are the main pumps which supply
N the force to propel the blood through the pulmonary and peripheral
systems., The atria and ventricles are separated by valves to

B e

T Y T TR - e

prevent reverse flow.

Blood returns to the heart from the systemic circulation(s)
1" via the superior vena cava (1) (upper circulation) and inferior
vena cava (2) (lower circulation) and fills the right atrium (3)
, from where it is pumped into the right ventricle (4). The blood
S is then pumped to the pulmonary circulation at a systolic pressure
- of approximately 22 mm Hg through the pulmonary artery (5). }

Oxygenated blood returning to the heart from the pulmonary
circulation (P) via the pulmonary veins (6), enters the left
atrium (7) and is pumped to £ill the left ventricle (8). Con-
traction of the left ventricle pumps the blood through the aorta
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Figure A,2-1 Simplified diagram of circulation through
the heart.

(9) to the systemic circulation (S) at a pressure of approximately
120 mm Hg. This process is repeated each cardiac cycle.

THE SYSTEMIC CIRCULATION

As was mentioned previously the circulation is divided into
two components systemic and pulmonary. The pulmonary circulation
supplies the lungs with blood. The systemic, also often referred
to as the peripheral circulation, serves for the remainder of the
body. The purpose of this section is to discuss the aspects of
the systemic circulation which are important in the understanding
of the "high G" cardiovascular effects.

The systemic circulation comprises arteries which carry blood
from the aorta to smaller distribution vessels called arterioles
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which in turn distribute blood to the capillaries where the nutri- f
ents are passed to the interstitial spaces. Blood is then collect- %

ed from ithese interstitial spaces by venules. These vessels then
The veins then return the blood to

aggregate into larger veins,
the right atrium to be re-oxygenated by the lungs and subsequently

redistributed by the peripheral circulation.

Of the total circulation 64% of the blood volume is normally
contained in the systemic veins and 15% in the systemic arteries
(102). It follows then that the most significant orthostatic
? - (effects due to blood pooling) effects of acceleration would be on
the peripheral venous circulation since the volume of the veins is i
three to four times the volume of the arteries. ‘

M

onsdt, st

The heart, as mentioned previously, pumps blood into the
This pressure being the maximum

e

aorta at a pressure of 120 mm Hg,
of the cardiac cycle or the systole is referred to as the systolic
At the low pressure end of the cardiac cycle, diastole,

pr-.ssure,
This pressure

the pressure in the aorta is nominally 80 mm Hg.
ltimately reaches zero by the time it courses through the sys-

wmic circulation and reaches the right atrium,
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Blood flows with aimost no resistance in the larger vessels

However, considerable resistance to flow is

of .he circulation.
Siace the

manifested in the arterioles and the capillaries (102),
dv.irease in arterial pressure in each part of the systemic circu-
lation is directly proportional to the vascular resistance, a plot
of mean systemic pressure throughout the circulation would appear

s el e kit bl o e 7, :
ke ke

as in Figure A.2-2,

o

The pulsatile nature of blood pressure in the arteries is il- 3
lustrated also in Figure A.2-2, Note that by the time the flow j
has passed through the arterioles, the pulsatile aspects of the i

pressure have dissipated.
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Figure A,2-2 Blood pressure throughout the systemic

circulation (after Guyton (102)) .

HEMODYNAMICS

The two factors determining the flow of blood thrcugh a blood
vessel are pressure drop and vascular resistance. This concept
can be stated mathematically as:

g = &8 [Eq. A.2-1]
R

where Q is the volume rate of flow (ml/sec), P is the pressure
drco (mm Hg), and R is the vascular resistance (dyne sec/cmd),
The normal adult at rest has a volume rate of approximately 83
ml/sec. Because this is the amount of blood that is pumped
through the systemic and pulmonary circulation, this quantity is
also referred to as cardiac output.
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In the large vessels such as the aorta and the pulmonary
artery, blood flow tends to be turbulent because of the high
Reynolds' number, and the pulsatile nature of the flow.

The reasons for high Reynolds' number are the high velocity
close to the ventricles and the sudden increase in vessel dia-
meter, The effects of these parameters may be more easily under-
stood by examining the following relationship for Reynolds' num-

ber:

e 7e

where v is the flow velocity, 4 vascular diameter, and (n/e) vis-

cosity/density ratio. i

.- Hemodynamics is a complicated area of fluid dynamics. It is @
. such because blood is basically a non-homogeneous (mixture of ;
H . cells and plasma in varying configurations) non-Newtonian (the re-
lationship between stress and strain tensors is nonlinear) fluid.

It is further complicgted by the fact that the vessels are disten- ;
sible, the flow is pulsatile and the characteristics of the vari-
ous vessels varies greatly (arteries, arterioles, capillaries,
v7eing). For these reasons and since a detailed discussion of the
physics of blecod flow is not required for this study, none will be
entered here. If the reader is interested in exploring this area \
deeper, several good textbooks exist on the subject. However, t
i there are still a few more points which should be mentioned. One :
5; of these is the critical closing pressure of a blood vessel. This '
% effect is a result of the distensibility of the vessels. Increas-
ing the transmural pressure (excess of blood pressure in the veé-
sel over pressure in the fluid surrounding the vessel) causes the
bliood vessel to dilate and decreasing the pressure causes the ves-
sel to constrict. At a transmural pressure of approximately 20 mm
Hg the xrterioles do not permit the passage of any blood, If plas-
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ma only is flowing through the vessels, the critical closing pres-
gure is 5-10 mm Hg (102). This fact is important in understanding
the blackout/grayout phenomena of the +G, environment,

The critical closing pressure may be affected considerably by
sympathetic nervous system inhibition and stimulation., Sympathe-
tic inhibition allows far more blood to flow through a tissue for
a given pressure gradient. Sympathetic stimulation vastly de-
creases the blood flow. Sympathetic inhibition, therefore, de-
creases the critical closing pressure to as low as 5 mm Hg., while
sympathetic stimulation can increase the critical closing pressure
to as much as 100 mm Hg (102),.

Vascular distensibility has a considerable effect on hemody-
namics. Because of the anatomical differences between arteries
and veins, the veins are 6 to 10 times as distensible as the ar-
teries (102). Therefore a given pressure will permit 6 to 10
times the accumulation of blood as in arteries of a comparable
size. A related factor which contributes to the accumulation of
blood in vessels is compliance or capacitance. The compliance is
equal to the product of volume and distensibility. Therefore, the
compliance of a vein is on the order of 24 times its corresponding
artery, since they differ in distensibility by a factor of 8 and
volume by a factor of 3 (102). Venous compliance accounts for
veaous pooling under +Gz conditions.

Figure A.2-3 illustrates the effect of hydrostatic pressure
(pressure due to the column of blood above) on the systemic pres-
sure throughout the body of a standing adult. The hydrostatic
pressure is simply a function of the distance above and below the
heart and the weight of the blood in the vessels. Note that the
venous pressure in the dural sinus of the head is negative. This
is a consequence of the fact that the vains in the skull are in a
non-collapsable chamber and because of the hydrostatic suction be-
tween the top of the skull and the base of the skull (102), Of
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Figure A.2-3 Effect of hydrostatic pressure on the
systemic pressure throughout the body

(modified from Guyton (102) .

course, the transmural pressure will still be positive to keep
these veins from collapsing.

As is shown in Figure A.2-3 the venous pressure in the feet
is approximately 90 mm Hg. This pressure is somewhat lessened by
virtue of the valves in the veins. The tensing of muscles in the
leg tend to propel the blood in the veins. The valves allow the
passage of blood towards the heart but do not permit retrograde
flow. This function, referred to as the venous pump, reduces the
venous pressure at the feet in an exercising adult to less than 25

mm Hg.
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In the case of a perfectly still individual, or one in which
some external force has produced the same¢ hydreostatic effect, the
pressure can rise to the full 90 mm Hg in about 30 seconds (102),
This causes leakage from the circulatory syistem into the tissue
spaces causing leg swelling and a diminution of blood volume. The
ultimate result is a reduction of venou:s return to the heart.

CIRCULATORY REGULATION

The previous sections have dealt with discussing the heart as
the pump for the circulatory system and the basic functions of the
circulatory system as a conduit for é@istribution of blood through-
out the body. This section deals with the regulation of the cardi-
ovascular system,

Control of the ~irculatory system can be considered in terms
of local control or systemic control. Local control deals pri-
marily with the microcirculation and is concerned with the demand
by tissues for oxygen, glucose, amino acids and other nutrients.
These demands simply alter the flow of blood to specific tissues.,

The systemic control system has a more widesrvead effect. I%x
can be divided into the rapidly acting and the lung term regula-
tory systems, The rapidly acting systemic control system is of
most concern to this study. Figure A.2-4 illustrates the dy.aamics
of the various arterial pressure control systems.

The rapidly acting pressure control systems operate throug:.
nervous or hormonal control of the circulation. In the neurai
control system, receptors in the arterial system detect pressurs
reductions and transmit a signal to the nervour system which in
turn signals the heart to increase its output by altering its
strength and rate of contraction. Also the v.scular system is
signaled to constrict the arterioles and veins. All these effects
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Figure A.2-4 Dynamics of various arterial pressure control
systems. (after Guyton (102)) (courtesy of ‘
Saunders Co.). ]

are combined with a resulting increase in arterial pressure within
seconds.

The hormonal control system operates through chemoreceptbrs
which signal hormonal secretion principally angiotension to rapid- f
ly return pressure to normal. i

The best known and most rapidly acting system for arterial
pressure control is the baroreceptor reflex. The reflex, a high
pressure control, is initiated by pressure receptors located in
the walls of the large systemic arteries. These pressure recep-
tors, called either baroreceptors or pressoreceptors, are spray
type nerve endings in the walls of almost evary large artery of
the thoracic and ne«k region. These receptors are extremely abun-
dant in the aortic arch and the carotid sinuses.
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The mechanism is such that a rise in pressure in one of these
vessels stretches the walls and stimulates a baroreceptor which in
turn transmits a signal to the central nervous system (CNS) via
one of the paths shown in Figure A.2-5 signaling the circulation
to reduce the pressure. The baroreceptors are more sensitive to
rising pressure than to stationary and are even less sensitive to
falling pressure. They are not stimulated at all for pressures
less than 60 mm Hg and the slope is greatest for pressures between
90 and 110 mm Hg (102). This is illustrated in Figure A,2-6,

——BRAIN

—— GLOSSOPHARYNGEAL
NEWVE

HERING'S NERVE

— CAROTID BARORECEPTOQRS
CAROTID SINUS

VAGUS NERVE

AQRTIC BARORECEPTORS
AJRTIC ARCH

HEART

Figure A,2=5 Baroreceptor system.
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Figure A,2-6 Baroreceptor response as a function of

arterial presgssure (modified from Guyton
(102)) .

The result of the baroreceptor reflex impulses is to inhibit
the vasoconstrictor center thereby producing vasodilation, de-
creased cardiac rate and stroke volume. There is an analogous
reflex system which operates to raise the arterial pressure when
it has been somehow lowered. There are similar stretch receptors
to the baroreceptors which provide the analogous fun :tion. These

receptors are called low pressure receptors and are located in the

walls of both the atria and pulmonary artery.

A familiar situation is that of a person lying down who sud-
denly arises causing the arterial pressure in the head to imme-
diately drop. If this pressure is not quickly corrected, snycope
may ensue, However, the baroreceptors elicit an immediate reflex
and the resulting pressure drop in the head and upper body is
reduced.

It should be noted that in general arterial pressures cited

are mean arterial pressures., This pressure is defined as the mean

of the cardiac cycle and not simply the average of the systolic

and diastolic pressures. In fact the mean arterial pressure tends
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to be closer to the diastolic pressure, since systole is rela-

tively brief,

Another reflex arterial pressure regulating mechanisrm is the
central nervous system (CNS) ischemic response. With a reduction
in arterial pressure, the blood flow to the brain is insufficient
to maintain normal function of the brain tissue. Under these con-
ditions t..e brain is said to be ischemic. 1In response, the vas-

_ omotor system signals the vasoconstrictor system cutting flow to

§ the less vital parts of the body and the systemic arterial pres-

% sure rises very rapidly. The buildup of carbon dioxide in the
vasomotor system is thought to be responsible for this response
(102). Figure A.2-4 shows the potential power of the CNS ischemic

T e — T s g

response.

The third major arterial reflex system is the chemoreceptor
reflex system whose sensors are located in the hifurcations of the
carotid arteries and in the aortal arch., These sensors are sensi-
‘ tive to lack of oxygen. They generate signals which pass along
Hering's nerves and the vagus nerves into the vasomoto: center
(Figure A.2-5), whereupon the reaction is similar to baroreceptor

reflex response.

Up to this point the discussion nf circulatory control has
dealt mainly with the arteries., The veins participate in the same
reflex pressure regulating mechanisms as the arteries. The im-
pulses to the vein are carried by sympathetic vasoconstrictor
fibers which cause the veins to constrict by an increase in venous
tone in response to even weaker sympathetic stimuli than the

arteries.

The major venous effect is not in vascular resistance but
rather in capacitance and according to the Frank-Starling Law of
the Heart, the major factor in determining cardiac output is the
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- rate of venous return. This law states in essence, that the heart
works hard enough to pump out all the blood that returns to it.

Skeletal muscles and skeletal nerves also have a role in cir-
culatory control. When the sympathetic vasoconstrictor system is
: stimulated, the abdominal compression reflex aids in displacing
E ' blood out of the abdominal veins towards the heart. Exercise con-
i tracts skeletal muscles thereby compressing the vessels resulting
E f in an increase of systemic filling pressure from 7 mm Hg to as
1 high as 20 to 30 mm Hg (102).

1

; - A.2.1 Effects of Acceleration on the Cardiovascular System

et e 2

High performance aircraft are capable of significant accel-
erations in all of the vehicle's six degrees-of-freedom., These
accelerations impose unique physinlogical effects on the pilot.
Along some axes the effects are direction dependent. For example,
positive and negative accelerations along the Z axis produce sub-
stantially different physiological effects.

o T i s
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The most often experienced inertial force in high performance
aircraft is in a head-to-foot direction (+G;). In modern low wing
loading, highly maneuverable aircraft levels of 12 G, are quite
possible. Negative "G's" (-G;) are much less often experienced in
the flight envelope and are restricted to about -3 G, both be-
cause of aircraft limitations and pilot tolerances. Longitudinal
acceleration +Gyx are confined to the range of +2.5 Gy but are K
usually in the range of + 1 Gy unless aircraft carrier operations,
of catapult launch and arresting, are considered. In the lateral ﬁ
direction #1.5 Gy is generally the maximum capability while the %
usu-~l environment is on the order of 1/4 Gy. 1

[

For good reason the literature abounds in treatment of the +12
axis accelerations, -2 axis is less thoroughly treated and X axis ]
even less, Treatment of the Y axis accelerations is very limited 3
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(studies in this area are presently being implemented). This dis-
cussion will essentially follow that pattern.

E POSITIVE G,

R T e -

Positive G, produces the most profound effects on the cardio-
vascular system and therefore will be provided the most extensive
discussion. Since the early days of acceleration research, it was
observed that symptoms such as peripheral light loss, to blackout,
to loss of consciousness could only be explained by a decrease in
blood flow to the head. Subsequently, some researchers believed
that mechanical factors made a contribution (210), but it became
evident that the cardiovascular system was the primary source of

difficulty.
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The circulation, supported by elastic blood vessels and de-
pending on well defined pressures and volumes, is grossly dis-
turbed by excessive gravitational forces (3).

A simplistic view of the cardiovascular phenomena associated .
with G shows that as Gz increases, the hydrostatic pressure in
the legs increases, the vessels passively dilate, and a major por-
tion of the blood from the upper part of the body is displaced to
the lower vessels. Since the venous return decreases, the cardiac
output decreases thereby further causing a decrease in pressure at %f
the aorta and above the heart. A mor2 rigorous explanation invol- z
ves a discussion of initial inertial effects, hydrostatic effects, §1
orthostatic effects and the reflex activicvy of the cardiovascular
and central nervous system,

) s ol 4
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To begin with, consider Figure A.2.1-1 which illustrates the T
hydrostatic effects of the column of blood on systolic blood pres-
sure at the heart, eye level, and at the feet, as a function of
acceleration along the longitudinal (z) axis of the body. These - {
data represent a short duration acceleration and do not consider . i
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Figure A.2.1~-1 Seated systolic blood pressure as a function

of Gz.

the compensatory cardiovascular adjustments. It is also assumed
that there is no change in heart level systolic pressure,

Using a model of a seated human with a heart to eye distance
of 30 cm and a heart to foot distance of 75 cm, a 120 mm Hg sys-
tolic arterial pressure at the heart yields a 98 mm Hg eye level
pressure and a 175 mm Hg pressure at the feet (86). The remainder
of the data can be computed using the concepts of fluid statics.
Green and Miller (96) postulate an equation for the computation of
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blood pressure as a function of acceleration referenced to any
point in the body.

e

where Py is the heart level blood pressure and h is the vertical
distance between the heart and point of interest. Burton (30)
empirically derives a similar linear relationship. The foregoing
assumes that the heart level pressure is maintained at a constant
which in fact is not the case.

1
i

4,,,,,,,,,
3 -\ r—————

A more realistic model considers the distensibility of the
vascular system thereby causing a "ballooning®™ of the vessels
b below the heart, primarily the veins, reducing venous return, and
causing the heart output to decrease, therefore the heart level
E blood pressure is reduced almost instantly (30, 65, 81, 139). ;
; Figure A.2.1-2 illustrates the drop in heart level mean arterial ¢
blood pressure as a function of acceleration. A slight displace-
d ment of the heart may affect prediction of hydrostatic effects.

1 Ll sl bl et

= R
et

e 1 kil

ST

However, cerebral or retinal perfusion, which affect uncon-
sciousness and blackout respectively, cannot be predicted on the
[ bagsis of this model because it neglects cardiovascular compensa-
tory adjustments which occur in the six to ten seconds after ac-
celeration onset. Alsc, because the concurrent drop in venous
pressure within the skull tends to keep the arterial-venous pres-
sure differences constant thus "sucking®™ blood through the circu-
lation as discussed below., Howard (8l) states that the rate of
onset of acceleration has an effect on the predictability of the :
simplified model, to the extent that if the onset rate exceeds the k
rate at which the lower vascular system distends the simplified 1 !

. vy e

model provides reasonable results.

i A v

The compensatory cardiovascular systems discussed in Section
A.2 provides the reflex stimulation of the sympathetic nervous .l
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Figure A.2.1-2

system wnitn serves to readjust the systemic blood pressure. As
was stated, this is accomplished by adjusting cardiac output and
by vasoconstriction. These adjustments occur within 6 to 10 sec-
onds of the onset of acceleration (86). This factor provides a
rationale for the effects of rate of onset on blackout as well as

duration (Figure A,2.1-3) (234).

The <ardic ascular scenario in response to rapid onset accel-
eration is as follows. There is an immediate increase in hydro-
static pressure drop resulting from the acceleration. Momentarily
the heart continumn vith its preacceleration ocutput so the heart
level pressure du.s not instantly drop but may actually increase
slightly (154) then begin to drop as venous return to the heart is
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¢ Figure A.2.1-3 G-Tolerance curve with various acceleration
rates (after S5tnll (234)) (courtesy of
Journal of Aviation Medicine).

E reduced by the pooling effects in the lower vasculature. The
reduced venous return causes a reduced uerdiac output. The .
buroreceptors in the aortic arch and carotid sinus respond causing '
an increased cardiac output and vasoconstricticn both serving to
increase the systemic blood pressure, thereby increasing the
supply to the head. Figure A,2.1-4 (65) illustrates this cardio- j

ke

vascular response to 3.5 G, on a dog.
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Figure A,2.1-4 Effects of +3.5 Gz stress on cardiovascular
function (after Erickson (68)) (courtesy of
Aviation Space Environmental Medicine),

The cerebral circulation is further protected by a fall in
jugular venous pressure which helps maintain arteriovenous pres-
sure differential and a decrease in cerebrospinal fluid pressure
which reduces intracranial resistance to blood flow (Figure
A.2.1-5) (86). Venous and cerebral spinal fluid actually become
subatmespheric, at 4g on the order of =30 mm Hg (3). While at
this point the arterial pressure at brain level may be close to

::L-'- k ‘l‘l‘l\l |l Wwwwwmm Mm il

80}
=
g,
0l
/ TR \_
- .
0 n sowes ®
Figure A, 2,.1-5 The effect of +Gz upon cerebral arterial

and jugular venous pressure. Note that
a high arteriovenous pressure gradient
is maintained because of a marked fall
in jugular venous pressure during accel-
eration (from Gillingham (88)) .
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zero, the pressure gradient between the cerebral arteries and
veins is adequate for blood flow. This effect is sometimes re-
ferved to as the "jugular suction effec:™ (3),

An analogous hemodynamic situation exists in the retinal cirv-
culation, However, retinal perfusion requires an eye level arter-
ial pressure in excess of approximately 20 mm Hg, independent of
reduced venous pressure, to overcome intraocular pressure and keep
the arteries and veins from collapsing. If the eye level blood

" pressure falls below this, diminution of vision and eventual black-

out will occur. Loss of vision precedes unconsciousness because
cerebral flow is still adequate,

Visual failure is a continuum from loss of peripheral vision
(grayout) to total loss of vision (blackout). One artery enters
the retina at the optic disc, and arterioles and capillaries ex-
tend to the peripherv, The details of the visual phenomena are
presented in Section A.3 but are mentioned here because their gen-

egsis is cardiovascular,

The electrocardiogram shows some changes from the normal
heartheat pattern during +Gz. These consist of decreased amp-
litude and occasional inverted T waves (3) and altered systolic
intervals (94). Cchen and Brown (45) also report an increased P
wave. None of these anomalies are regarded as permanent or dan-
gerous nor do they have much value in this study, other than to
monitor any cardiovascular stimulation which may be attempted such

as LBNP,

Tachycardia (fast heart rate) has been reported as a +G,
effect. One interesting aspect is that the increased heart rate
seems to start at the onset of acceleration (Figure A.2,1-6)
(154). The increased heart rate precedes any reflex stimulus re-
sponse, The data are for a miniature swine therefore preknowledge
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Figure A.2,1-6 A typical response to +7Gz in an unanes-

thetized miniature swine. Note the heart
rate response to the acceleration profile
(from Leverett and Burton (184)) (courtesy
of Advisory Group for Aercspace Research
and Development).

of centrifugation cannot be the reason. Perhaps general anxiety
due to unfamiliar surroundings is the explanation,

NEGATIVE Gy

While +G, accelerations are the most often encountered and
produce the most profound cardiovascular effects, -G, accelera-
tions produce some significant cardiovascular effects. Negative
Gz ls an acceleration which produces a foot-to-head inertial
force. Blood pressure above the heart rises immediately, includ-
ing venous pressure. However, the intracranial venous pressure is
counterbalanced by a rise in intracranial cerebro »inal £luid
pressure, therefore the chance of intracranial hemorrhage is
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slight, However, small hemorrhages surrounding the eyes cause
significant problemns.

After a few seconds of -G, acceleration the carotid sinus
reflex and the high pressure receptors cause the arterial blood
pressure to drop due to a slowing of the heart and a dilation of
the arterioles. Asystole (missing a contraction) may occur and
heart block may become imminent (3), Guyton (102) states that
negative G, produces such a strong baroreceptor reflex that severe
vagal slowing of the heart occurs even to the extent of stoppirng
the heart for 5 or 10 seconds.

The effects are the opposite of what occurs in +G,, Blood
from the lower part of the body drains towards the head causing
the soft tissue of the face and neck to become engorged with

blood,

This engorgement may cause petechial hemorrhages over the
conjunctiva, This phenomenon may or may not cause the so called
"redout". This -G, effect is controversial and is discussed in
the visual section of this study. The blood engorgement produces
a full feeling in the head and pain in the face and eyes.

Kennealy, et at (134) reported that all four subjects in
their centrifuge study reported discomfort, but none lost con-
sciousness or vision. All exhibited sinus bradycardia as well,
These authors also state that -5 G, was achieved by a national
aerobatics champion, while Gillingham & Krutz (86) state that
-3 G, is considered the upper limit of human tolerance for
"sudden" acceleration.

It is postulated by Howard (81l) that negative G, can produce
unconsciousness even though the conditions have never been defined
nor have they been produced in the laboratory. He further states
that it is possible that unconsciousness may result from exposure

e K o b L s e e+




o

&
k- " g T P RO I Ui e S p——

:
:

to accelerations greater than -4 or =-5g, but the exact level de-
pends on i‘he duration, and that a minimum of 5 seconds of expoziure

is required for unconsciousness,

The major ECG chances are asystole, bradycardia (slowing of
the heart), extra-systoles, alterations of the P wave and shifts
of the pacemaker (firing pattern in the cardiac muscle) (81),

Gillingham & Krutz (86) do not consider negative G, to be
much of a problem in military flying because aircraft are not
stressed for high -G, loads and hence pilots avoid it in their

maneuvers whenever possible.

A.2.2 Effects of Transverse Acceleration

Transverse accelerations produce virtually no cardiovascular
effects in the range of Gy that is part of a high performance let
alrcrait operating envelope i.e., +2.5g for very short periods of
time. Unless the accelerations reach 4 to 8g for 10 seconds or 24
for 20 minutes, the cardiovascular problems are minimal (81).
These performance characteristics are outside of the operational
envelope of today's fighter aircraft even for aircraft carrier

launch and recovery operations.

a.2.3 Protective Devices

Protective devices are implements and technigues used by
pilots of high performance aircraft to increase their tolerance to
high acceleration. The implements commonly used are anti-G suits
and tilt-back seats. The techniques employed are the Ml maneuver,
the L1 maneuver (modified Valsalva), positive pressure breathing
and various other forms of muscular/skeletal straining. The
Muller maneuver is employed as a protective device for negative
G's and is found to be effective in that environment.
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The anti-G Suit (currently standard for United States mili-
tary pilots) is a five bladder device, two calf bladders and two
thigh bladders designed to reduce the venous pooling in the legs
and an abdominal bladder which is designed to keep upward pressure
on the diaphragm, both to reduce pooling and to limit the downward
travel of the heart under G, conditions, thereby maintaining the

eye to heart distance,

Tilt-back seats are A/C seats wherein the standard seat bhack
angle of 13° back from the vertical is increased in order to re-
duce the heart to eye distance along the Z-axis for G, maneuvers.

BREATHING/STRAINING MANEUVERS

The Ml maneuver (straining maneuver number 1) is accomplished
by repeated forceful exhalations against a partially closed glot-
tis combined with generalized muscular straining. 1In addition the
head is pulled down between the shoulders in ar attempt to further
reduce the eye/aorta distance. Tihe Ml maneuver is generally re-
peated every four to five seconds during long duration exposures,
The exhalation phase of this maneuver results in an intrathoracic
pressure of 50 to 100 mm Hg. This raises the arterial pressure at:
head level and thereby increases +G; tolerance at least 1.5g (86).
The inspiratory phase is generally a fast gasp followed immediate-
ly by the exhalation phase. It is important that the exhalation
phase follows immediately since during inhalation the mean eye
level blood pressure falls close to 0 mm Hg and could thereby
cause loss of vision and possibly unconsciousness. The M1 maneu-
ver is often referred to by pilots as a grunt maneuver. It is
interesting to r.te that Burton (30) fcund in his experiments with
miniature swine that this animal instinctively performs straining
maneuvers not unlike the Ml maneuver which produces similar arter-

ial blood pressure response to that reported for man.
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In training for a properly performed M1 maneuver, subject
safety is of considerable concern. Dr. Gillingham (82) reports

that the properly performed Ml maneuver will raise the blood pres-
sure at eye level by 100 to 150 mm Hg. He further states that he

believes this to be an unacceptable risk in ground training and
recommends ageinst training for the Ml maneuver in a lg environ-
ment. Gillingham (86) reports that the M1l maneuver contributes

T T 1

significantly to a raising of the heart rate. He asserts that a
i person performing a maximum M1 maneuver at lg would have the same
heart rate as those found during exposures to +6g.

o
TP

§_ Some persons report an irritation in the throat resulting
from the Ml maneuver (33) which has led to a wider acceptance of

! the modified Valsalva (Ll) maneuver. The modified Valsalva in-
volves a protocol similar to the Ml maneuver with the exception

that the exhalation is performed against the fully closed glottis. _
The difference between the Valsalva and the modified Valsalva or t
L1 manevver is that the former is performed without the use of J
muscular contraction or straining. This has been found to not be
‘- an effective device for raising the tolerance to positive G's but

- indeed has the opposite effect. Therefore the original Valsalva
3 - maneuver is never used as a protective device in the high G en-
19 vironnment,

3 ; Figure A.2.3-1 illustrates the effect of a Valsalva maneuver
: for a 3.7g profile. The left illustration is at 3.7g9 with and

[SERNERVS I AP RS N .

without the performance of the L1 maneuver while the right illus-
tration is with the L1 maneuver and the vision remains clear up to
4.5g, whereas peripheral light loss occurred at 3.7g without the
exercise maneuver, Figure A.2.3-2 illustrates the effect of an Ml
maneuver for an 8 G, profile., Notice that the blood pressure at
eye level is kept elevated with this maneuver except for the in-
spiratory phase where it drops close to 0 mm Hg. Figure A,2.3-3
illustrates the effects of both an M1l and L1 maneuver to a 5.7g
exposure, The comparison shows that the eye level blnod pressure
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Figure A.2.3-1 Arterial Pressure (AP) and Heart Rate (HR) .
response to the valsalva manevver with :
voluntary muscular straining without use 1
of the anti-G Suit (subj. F). All arterial
1 pressures are referred to eye level. 1In- 1
e halations between repeated valsalva
g - maneuvers in this and all other figures are |
H indicated by the sudden drop in AP, Beat- :
H by-beat HR was recorded from the ECG using 3
a brush instruments cardiotachometer; H
occasional sharp drops in HR seen in this :
figure are artifacts occuring wnen baseline q
shift of the ECG prevented triggering c¢f i
the cardiotachometer (from fhubrooks & 1
Leverett (224)) (courtesy of Journal of '
Applied Physiology). 1
4
E -
is elevated to essentially the same level by either maneuver and 33
falls close tc 0 mm Hg, also for either maneuver, '3
. Both the Ml and L1 maneuvers have as their major drawback the e f
fact that they are extremely fatiguing maneuvers and during pro- : '
longed air-to-air combat engagements may become ineffective be- A ;
t cause of the pilots unwillingness to continue to perform them. It e :
has been reported by Shubrooks (222) that continuous positive pres- . :
sure breathing provides the same level of protection as the M1l or i} i
i ¥ A=30
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Figure A.2.3-3 Mean eye-~level blood~pressure changes
during +Gz while performing the M-1
and [~1 maneuvers. Mean blood pressure
falls to zero during the ingpiratory
phase of either maneuver, (from
Gillingham & Krutz /86)),

——— — - e AL A

s b L3250 A 80, v o oA ALt " J

i
i
;

Lo i mtad e

=

y.,-»m.h..._,.‘_. O PR YT T

L

o, i D




L1 maneuvers without the penalty of severe fatigue. Continuous
positive pressure breathing has received the same endorsemen: from
Gillingham (86). Figure A.2.3-4 compares the relative effective-
ness of the Ml maneuver and positive pressure breathing. The
esophageal pressure is presented for both maneuvers as an indi-
cator of the amount of muscular straining required in the perform-
ance of voth maneuvers. It is clear that much less straining is
required for positive pressure breathing than for the M1 maneuver,
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Figure A.2.3-4 Comparison of M-l maneuver and positive
Fressure breathing (from Gillingham &
Krutz (8e)) .
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Another technique which has been shown to have varying de-
grees of effectiveness as a protective device is that of sustained
static (isometric) muscular contraction. Lohrbauer (164) reports
a linear rise in arterial blood pressure as long as the contrac-
tion is maintained. He states that mean arteriole pressure in-
creases Of 40 to 50 mm Hg at the point of fatigue are not uncommon
during static exercise with a simple hand grip which utilizes
forearm flexor muscles, Figure A,.,2.3-5 illustrates the effect of
this maneuver for both rapid onset and slow onset positive G,
acceleration profiles. Varying degrees of muscular contraction
can be used in the same manner to achieve some level of protection
for example, increase tension in the leg muscles pressing on the
rudder pedals, forearm upper arm contractions, back muscles and
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EKG WIW
RESP  MAAAMAMAAMAAARYW A
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Fioure A.2.3-5 Direct paper chart recording during a

rapid-onset (ROR) and slow-onset (SOR)
+Gz acceleration profile (from Lohrbauer
et al (164)) (courtesy of Journal of
Applied Physiology).
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neck muscles, contractions. Figure A.2.3-6 offers a comparison
among four conditions, a control which employs no protective mea-
sures, a subject wearing G-suit alone, a subject employing the
grip technique and a subject employing a grip technique and wear-
ing a G-suit. Notice in all cases at rest the arterial blood pres-
sure is approximately at 80 mm Hg. For the cases of both the
G-suit and grip, and the grip case, the mean eye level blood pres-
gure rises to about 100 mm Hg by the time the acceleration has
reached its maximum, while the unprotected eye level blood pres-
sure drops close to 0 mm Hg, the grip and the grip G-suit case
remains at approximately 20 mm Hg or approximat2ly the intraocular
pressure thereby maintaining vision.,
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Figure A,2.3-6 Mean blood pressure for eight subjects

during rapid onset run 0.2 - 0.3 G
prior %to the run in which peripheral
light loss occurred (from Lohrbauer
et al (164)) (courtesy of Journal of
Applied Physiology).
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As was shown above, all of these techniques provide signifi-
cant protection to the pilot and it is therefore important that
pilots of high performance aircraft be instructed properly in the
use of these maneuvers however, as Gillingham (82) has cautioned
it may be dangerous to perform these maneuvers in a lg environ-
ment. He offers as a solution training for pilots be accomplished
in one of the Air Force's human centrifuge facilities. Another
alternative will be discussed in the lower body negative pressure
portion of this report,

The anti-G suit is perhaps the most well-known and most
widely used device for providing high G protection. The basic
descrip®ion of the anti-G suit was provided above. The valve
which controls the pressurization of the anti~-G suit is activated
at +2 Gz and thereafter increases suit pressure at the rate of 1.5
psi/g to a maximum of 10.5 psi. The anti-G suit gives about 1.5q
increased tolerance above normal relaxed values (86), Burns (28)
has suggested a relationship between acceleration tolerance
(relaxed) and retinal/aorta verticzl distance as;

180.3
h

where Gp is G tolerance based on the end point of 100% PLL (peri-
pheral light loss) with peripheral lights subtending a 50° angle,
and h is the retinal/aorta distance in cm. Burton et al (34) have
postulated the following relationships:

Gp = -2.1 [Eq. A.2.3-1)

a) With an uninflated G-suit worn
Gp = 1.2 G - 0.41 [Eq. A.2.3=2]

b) And for an inflated G-suit

where G, is G tolerance (PLL) without G-suit., Gy here was defined
as 50% CLL (central light loss) or central light dimming (CLD).
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Figure A,2,3-7 demonstrates the effect of the anti-G suit on
the delay of peripheral light loss (PLL). The subject in question
suffered peripheral light loss at 3.3g in the absence of a G-suit,
However, with the anti-G suit he was able to withstand 4.6g before
peripheral light loss, Figure A.2.3-8 illustrates in the first
panel the effects of 3 G, without anti-G suit, panel B the effects
of + 3 Gz with anti-G suit and panel C the effects of +6 G, with
the protection of an anti-G suit. There remains no question as to
the efficacy of an anti-G suit. Aalso, in recent years, it has
been demonstrated that the anti G-suit can be well simulated and
provide useful cues in a ground based flight simulator. The
thrust of the research in this study, towards the anti-G suit, is
to determine the magnitude of the cardiovascular effect such that

~any additional stimulation or simulation that occurs in the pre-
"sence of this garment can have the zopropriate compensation for

the device's effect,
TILT BACK SEATS

Another device which has been well studied is the effect of a
tilt back seat on a pilot's tolerance to high acceleration. While
extensive investigation has been carried out in this area, it is
only with the introduction of the F-16 aircraft that the implemen-
tation of tilt-back seats has been provided. Spacecraft have used
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PERIPMERAL LIGHT LOSS
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PERIPHERAL LIGHT LOSS
CONTROL 336

Figure A.2.3-7 Increase in +Gz tolerance afforded by a
stardard 5-bladder Anti-G suit (relaxed
subject) (from Gillingham & Krutz (86)) .
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Figure A,2,3-8 Effects of +Gz acceleration with and without i
3

an Anti=-G suit. Responses to +3Gz without
Anti=G suit are illustrated in Panel A, ;
Responses with suit inflating at 2.2 G are :
illustrated in Panel B !+3Gz) and Panel C H
{(+6Gz). In each panel, top trace repre- :
sents the G profile; LVP = left veniricular
pressure; LVEDP = left ventricular end-
diastolic pressure; dp/dt = first derivative §
of LVP; LVID = left ventricular internal E
diameter. Bcttom trace is time in seconds.

(from Peterson et al (197)) (courtesy of Journal :
of Applied Physiology). {

body postural attitude as a protective device since the beginning ]
of the manned space program, As was previously stated, the pur- i
pose of a tilt-back seat is to reduce the vertical heart-to-eye ;
distance. Figure A.2.3-9 illustrates the effect in vertical heart-
to-eye distance at various angles of the seat-back orientation.

It is interesting to note that the vertical heart-to-eye distance !
actually increases before it begins to decrease proceding from 0° :
from the vertical to larger angles and it isn't until 30° where ;
the heart-to-eye distance is the same as it was at 0° (28 cm).
This is dque to the fact that the eye is actually forward of the
vertical plane through the heart. These geometric data explain
the lack of significant difference in relaxed tolerance between
the 13° back angle and the 30° back angle as mentioned by Burns

bt
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Figure A.2.3-9 Decreased vertical heart-to-eye distances
. obtained by tilting backward (from Burns
(28)) (courtesy of Aviation Space and En-

vironmental Medicine).

(28). According to Gillingham (86) significant tolerance increase
is not achieved until a 45° tilt from the vertical is obtained.
Accurate simulation models must take into account both the effects
of an anti-G suit and the effects of the seat back angle in order
to provide appropriate training. Burns (28) has alsc postulated a
relationship for heart rate as a function .. carotid sinus/aorta

vertical distance in cm.

HR = 3.4 hc + 53 [Eq. A02¢3-4]

All the aforementioned devices or implements are used primar-
ily for increasing G, tolerance in the positive direction. How-
ever, with modern aircraft £lying at high angles of attack and
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with seat back angles such as the F-16, 30° from vertical tilt,
accelerations in the aircraft X axis can produce substantial com-
ponents along the physiological 2-axis and vice versa. This fac-
tor furthermore, must be taken into account in any simulation
which includes these devices.,

NEGATIVE G PROTECTION

Information on techniques for increasing the tolerance to neg-
ative G, acceleration is somewhat less plentiful than for positive
Gz. In fact, in the literature search only two papers were uncov-
ered dealing with this subject. Both papers refer to the Muller
maneuver, This maneuver is essentially the opposite of the Ml or
L1 maneuver. The glottis is closed and the subject attempts in-
spiration. According to Putzulu (201), this maneuver was first
proposed in 1£38 by Muller specifically for the purpose of demon-
strating the effects of respiration on blood circulation and
determining the effect of negative intrapulmanory pressure on a
reduction of venous pressure,

A U.S. Air Force Aero Medical Laboratory memorandum of Janu-
ary 1948 (2) discusses the subject of venous pressure in the head
under negative acceleration and the authors point out that the
Muller experiment causes a decrease in intrathoracic pressure and
results in a marked relief of discomfort during exposure to nega-
tive acceleration., However, this maneuver was performed in an
intermittent fashion since it was found to cause alarming symptoms
when sustained under negative G, Since this maneuver is not well
documented in the current literature it s=ems that no further
consideration should be given presently, however, it could be a
subject of future research in this area.

Another technigque which has apparently not received extensive
research is the effect of cooling local areas to increase the
tolerances to positive acceleration. It has been shown that local

A=-39
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cooling of the legs, particularly (133), has increased the tol-
erance to positive acceleration, by local thermally induced K
vagso-constriction, on the order of 0.3 g. This device has re- ]
’; ceived so little attention and is apparently not used in the ac- - y
b tive gservices and therefore, it also bears no further attention at i

this point in time,

PROTECTIVE DEVICES SUMMARY

o A e e i o ikttt i L3 1 e

This section has attempted to set forth a description of the
effects of the various protective devices such that any simulation
or stimulation technigues suggested in the mechanization portion
of this study would have the benefit of a proper physiological
basis for these protective devices., The implementation of any
simulation devices should not interfere with the effect of stand-

-
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{ ard pilot procedures under high G environment. In fact the intent

L will be to incorporate those effects into the software drive model
3 such that any delays of achieving various thresholds due to pro- ;
E; tective devices will be taken into account. E

a.3 Visual System

Loss of visual acuity is one of the most profound effects
of high acceleration flight maneuvers. The fact that a pilot
*blacks out" under certain high "G" conditions limits his capa-
bilities in the air-to—-air combat arena. The advent of modern b
fighter aircraft, with low wing loading and high thrust, has . ;
caused the pilot and not the airplane to be the limiting factor.

© etk st e

The visual effects are perhaps the most heavily researched
area of high acceleration physiological reactions. However, much i
of the data that have resuited from this research are not easily
correlated due to an absence ¢  standard defiritions and techni- "! 1
ques. The genesis of virtually all visual effects is cardiovas-
cular. In the 2-axis, the major problem is either not enough ‘]
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blood at the retina (+G,) or too much blood (-G;). For accelera-
tions along the aircraft longitudinal axis the visual effecta are
minimal and have cardiovascular, mechanical and respiratory ori-
gins., The vast majority of research in the high “G" environment
has been conducted for positive G;. This is motivated by the fact
that fighter aircraft have the qreatest capability in that
direction,

At this point a brief ana:omical description of the eye is
appropriate to provide backgroind for the ensuing discussion.
Figure A.3-1 is an illustration of the right eye viewed from the
outer side showing the visual axis passing through the center of
the lens to the point of sharpest vision at the fovea, where cones
are concentrated. The distribution of the central retinal artery
explains the changes in the ability of the eye to function In an
excessive-G environment. Each of the retinal arteries' branches
is an end artery without anastomotic connections (inter-
connection of arteries and veins), After the main artery enters
the eyeball at the optic disc, it divides, then subdivides into

ORTIC NERVE

SUPERIOR RECTUS

OPTIC 2SC
{Blnd spat n W
wavel Held)

POLTERIOR CHAMBER
INFERIOR OBLIQUE

Tigure A.3-1 Right eye, viewed from outer side, showing
visual axis passing through center of lens
to point of sharpest vision at fovea,
where cones are concentrated (from Taylor
(194)) .
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increasingly fine vessels as they approach the periphery of the
"vetina, resulting in a blood pressure reduction as the vessels de-
crease in size,

If the blood supply is reduced, it is not unreasonable to
assume that the reduction in vision would proceed inward from the

v, T TN T T

j
i

periphery in a somewhat concentric manner. There is some asym- ]
$ d
- metry, hcwever, due to the fact that the retinal artery does not i
= enter at tne center of the retina (Figure A.3-2), The pattern of 1
- the visual field collapse will be discussed later. g
g |
1§ i
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Figure A.3-2 (I?Iiér‘nﬁnsions of the human eye (from Taylor
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!
-
A-42 .
i

) 7 vemmm e T T e e 4 L 4
: . o T . e T e om—
Y : c Lt e A Rk T AN i a0 i ke TS M M U T L et 7



Since there is no direct blood supply to the fovea it is rea-
sonable to assume a degradation in visual acuity prior to the
blackout. This may explain reports of "veiling", or "dimming"” of

vision,

A.3.1 Visual Effects of Vertical (G,) Acceleration

As was stated previously this regime of acceleration is the
most well researched area of acceieration visual effects. It is
also the most important (especially positive G;) vector to be con-
sidered since it is the most often encountered and it produces the

. most significant effects.

e il it

VISUAL ENDPOINTS

Grayout and blackout are the most often employed endpoints
used in acceleration research. However, the lack of a clear defi- ﬁ
nition of these two terms is a handicap in attempting to apply the ;
“eo. results of various research uniformly. It is generally accepted :
.- that grayout is the loss of peripheral lights (PLL) and that
0 blackout is the loss of central light /7LL). But, there does not
exist a uniformly employed standard for peripheral lights or
central lights in terms of angular reference from the fixation
point, or some other convenient point. Also, intensities of the ]

L ST PR OUVOT

L f" lights emplcyed are not necessarily standardized. Unconsciousness ]
is an often used endpoint, which is sometimes confused as .
"blackout", Parkhurst, et al. (195) echo this sentiment and !
support it with data from several sources that state different ;5
|

thresholds: |

3
Researcher PLL CLL UNC ;
Howard 4qg 5g 5.5-6.0q :
Cochran 4.1g 4.7qg S.4qg 5
Gauer 3.0-3.5g -——- 4.5-5.0g !
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Other variables which affect the results are the onset rates
employed, duration,; the size of the centrifuge arm and the varia-
tions in the population.

The geometry of visual field collapse has not been widely re-
searched. Gillies et, al (81) (Figure A.3.,1-1a, b, & ¢) and
Jaeger (57) (Figure A,3.1-14, e, & f) have provided some insight

(A} THE DECREMENT OF THE VISUAL FIELD DURING POSITIVE
ACCELERATION AT 2.6G - NO VISUAL SYMPTOMS

18) THE DECREMENT OF THE VISUAL F:ELD DURING POSITIVE
ACCELERATIONAT 30G - "GREYOUT™ AND LOSS OF PERIPHERAL VISION

(C} THE LOCATION OF THE LAST REMAINING AREA OF VISION AS
BLACK-QUT IS APPROACHED

Figure A.3.1~-1 a,b, &c Degradation in'the field of view at
three levels of acceleration (from Howard,
Gillies et al (81)).
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into this aspect of the problem. Howard's plots illustrate the

degradation in the field of view at three levels of acceleration:
2.6g (a), 3.0g (b) and the las* remaining area of yision as

The elliptical area to the right of the

blackout is approached.
Note that

fixation point is the "blind spot” at the optic disc,
the last remaining island of vision is between the fixation point

and the blind spot.

Nasal field loss (left eye) approaches fixation and

Iniual fiwid loss is pronounced in the nasal field (lef:
temporsl penipheral field loss is mare pronounced,

sye). Temponl tield loss is minimal and limited to the pariphery.
Thesa illustrations represent a composite field loss of the group

////////'

The subject is approachmg blackout. Fixation has dis-
appeared and the last remaining island of vision is locatad 5-10
peripheral ta fixation.

d, e, & £ Monocular visual field loss
{from Jacjger et al (127)). “Field" as
used above refers to that flcld as seen
by the left eve.

FPigure A.3.1-1
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" basically the same results with slightly different geometry. How-

Jaanger's data was taken by use of plethysmographic goggles
and verified by centrifuge runs., The two data sets illustrate

by ‘.“ ke

ever, the details of Howard's experiments are not known; therefore
correlation is difficult.

Experiments by Gillingham & McNaughton (87) seem to have pro-
duced some of the best information on visual field collapse.
Figure A.3.1-2 illustrates the remaining upper half of the three
different seat-back angles,

The rate at which the visual field collapses is also not

L A sl e it el el . R Lo .t st 1 S i il

thoroughly researched, Haines (107) provides the results of his

work with gradual onset rates (GOR) of acceleration which are not
applicable to the fighter aircraft environment. Kydd (146) pre- 3
sents data on time to PLL for haversine input profiles which prob- ]

ably fairly closely resemble aircraft acceleration profiles. How-~
ever, PLL is only one point, albeit not a uniformly defined one.

.....

o . P j
85 . N\
60 , “'[_w__ ~\ |
53 ) - 7N ;

G 59 - —~ 77N | l;
45 P N /_\ :
s N /7

- -
- -

P *\ "' - ’/’ \\‘
130] l‘ . \\ ] [ . 1 -r ,'
13° 45° 65° A %
SEATBACK aGiE
Figure A.3.1-2 Re—ain:ng upper half of three seat-back 'y ]
an: les “rcm Gi.lingham § McNaughton ; :
(87 fcuartesy of Aviation Space and -

Env: nment. 1| Medicine).
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Gillingham & McNaughton (87) have provided some useful data in

this area as well,

Figure A.3.1-3 illustrates some of these data;

however, the effects of onset rate and duration are not easily

separated.

VESUAL

FIELD
REMAINING
(degreaey

[
Loss of
Blackout Conncwmn-
. £\ w=l
AR
e

Figure A.3.1-3

Respuonses of subject G. M, operating
visual field limit tracker in vertical
mod. during simuéated ACM G stress at
650, 459, and 13° seatback angles. At
65°. subject tolerated 7-¢ peaks with
little visual loss; at 45, he blacked
out after a 6~G peak; at 13°, he lost

consciousness during a 5-G peak. (from
Gillingham & McNaughton (87)) (courtesy
of Aviation Space and Environmental

Medicine).
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MATHEMATICAL MODEL OF VISUAL SYSTEM

e

The manner in which the physiological effects of vertical
acceleration are discussed is to employ a mathematical model of
the system., Figure A,3.1-4 presents this mathematical model.

(2]
~
(2
~N
m
>4
T
(- )

ANTIG SUIT BRIGHTNESS

E M1, VALSALVA, ETCETERA

] Figure A.3.1-4 Mathematical model of visual effects of
acceleration.

S i e L

Block A represents the relationship of heart-to-eye distance {
as a function of aircraft seatback angle, This reflects the al- :
tered hydrostatic pressure requirements due to different seat- B %
back configurations. The normal heart-to-eye vertical distance
measured in an erect seated position is approximately 28 cm. The
manner in which the distance charges is illustrated in Figure ]
A.3.1-5.

JOURPRRIEITL 1 555 -
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Figure A.3.1-5 Decreased vertical heart~to-eye distances
i obtained by tilting backward (from Burns

(28)) (courtesy of 2Zviation Space and
Environmental Medicine).

As can be seen there is no significant decrease until a seat
back angle of 45° is attained. Current aircraft seat back angles
do not exceed 30°, Assuming 28 cm distance, a pressure of 25 mm
Hg is required to overcome the force of gravity in order to raise
the blood from heart to eye level. With an acceleration of +4 G
(4g turn), the pressure required would be about 100 mm Hg. As-
suming the subject's systolic arterial pressure at the heart level
is 120 mm Hg, the systolic pressure of blood at the head level
during exposure to a force of 43 would be 120 minus 100 mm Hg.
Assuming that the normal intraocular pressure is approximately 20
mm Hg, it is evident that the blood flow to the eye will cease

under these conditions (1).
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The effects of acceleration on vision can be compared to the
impairment produced by applying pressure to the eyeballs with a
tonometer. As the intraocular pressure is increased above eye
level arterial pressure, the vascular wall collapses, thus reduc-
ing retinal blood flow and causing progressive impairment of vi-
sion. Andina (8l1) found that complete loss of vision was produced
when effective blood pressure in the central retinal artery was
reduced to 21 mm Hg (82)., With the normal intraocular tension
being about 20 mm Hg, he concluded that there existed no blood
flow into the eyes.

SEAT BACK ANGLE EFFECTS

The relationship for Block A can be given as:

. Gz Du/e (SA) (Eq. A.3.1-1]
28

<3z:e

Where Gzo is the effective acceleration, Dy/g is the approximate
heart to eye dista:ice in centimeters, from Figure A.3.1-6, as a
function of seat back angle. The function given as Figure A.3.1-6

30 foa

bl ol Q

20

nf

On/g ~HEART TO EYE VERTICAL DISTANCE~CM.

S ke ] — - o

10 0 k] 4Q 50 (] 10 80
SA~SEAT-BACK ANGLE~DEGREES

Fiaure A.3.1-6 Heart-to-eye vertical distance as a function
of seat-back angle.
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is approximated from the data of Figure A.3.1-5. Since the model
is largely a series of approximations, a linear approximation here
does not cause a reduction of rigor and is quite adequate,

EYE LEVEL BLOOD PRESSURE

Next a relationship between effective acceleration and a
change in eye-level blood pressure must be provided. This is rep-
resentad as Block B in Figqure A.,3.1-4. The change in eye level
blood pressure due to acceleration is not a simple function of
acceleration. Howard (8l) feels that the time dependencies are of
a vascular origin, i.e., capillary vessels within the eye hold
blood pressure until the main artery is in total retrograde flow.
Early work in this area suggest that high G visual disturbances
are dependent on onset rate, Stoll (234) experimentally developed
the relationship among rate of onset, symptoms, and elapsed time
from onset to symptoms as shown in Figure A.3.1-7., More recently,
Gillingham et al. (85) developed a G to mean eye level blood pres-
sure transfer function, H(s), of the form:

1 + B D
H(g) = 2E) {s) D(s) [Eq. A.3.1-2]

1l + B(s) C(s)

where A(s) represents the direct effects of the hydrostatic load
on the blood and body, B(s) represents the various neural, hor-
monal, and mechanical effectors that translate control signals
into blood pressure (primarily via changes in the heart rate,
venous compliance, and arterial resistance), and C(s) represents
the dynamics of the several baroreceptor feedback mechanisms. The
effects of the vestibulo-cerebellar inputs to the cardiovascular
control system are included in D(s) (85). Figure A.3.1-7 presents
the éomparison of the empirical results with the actual response,
The results of Gillingham's (85) work produced the following
transfer function:
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1 + 7.665 E . A.3.1-3
0.464£ d :

H = -18 .l
(s) 1 + 4.46s + 7.6382 ©

: MAXIMUM G
1 0 7.3 G/sec.
3 1 6.0 Gssec. * . Groyout
i 164 ¢+ Blockout
s Confusion, Possibly
o N Unconsciousness
“ o+ Unconsciousness

Q.2 G/sec.

o N L L T

2
0 5 C E l I 32) 3'5 Seconds

0 5 10 15 20 25
TOTAL TIME FROM_START OF ACCELERATION TO
END POINT

... A

Ficure A.3.1-7 G-tolerance curve with various acceleration
j i rates (from Stoll (234)) (courtesy of Journal
‘ of Aviation Medicine).
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EFFECTS OF PROTECTIVE DEVICES

To this point in the discussion, all considerations were with .
a relaxed pilot with no protective devices. This is not normally -
the case, as high performance fighter pilots wear anti-G suits and o
employ straining maneuvers such as the Valsalva, M-1l, or positive

pressure breathing. i

Table A.3.1-2 illustrates the effects the anti-G suit and i
Valsalva maneuver have on the PLL end point. )

The data from Shubrooks & Leverett (224) given in Section -*
A.2.3 of this report indicate an elevation of the eye level blood 3
I
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pressure of 50-80 mm Hg for the Valsalva maneuver. Gillingham and
RKrutz (86) show approximately 60 mm Hg increase., Thereiore it
geems reasonable to employ a relationship such as;

Peg = 60 mm Hg (Eq. A.3.1-4]

for any of the straining maneuvers. A detailed explanation of the
maneuvers is given in Section A.2,3 of this report.

Table A.3.1-2 +3z levels at which end points occurred during
15-s exposures along with visual symptoms =t
each end point and time at which they occurred,

Valsalva Suit +
Subj Control w/o _suit Suit Alone Valsalva
A 3.1 PLL-9s 4.0 PLL-10s® 4.5 PLL-5s 5.2 PLVD-11s®
B 3.9 PLVD=7s 5.2 PLL-7s 6.1 Nvs-15s2 6.3 nvs-15g
c 4.4 PLL-14s 5.1 PLL-14s® 5.4 pLL-15s 7.0 Nvs-15sf
D 3.3 PLL-9s 3.9 PLL-6s 4.6 PLL-1ls 6,2 PLL~7s9
E 4.3 PLL-6s 5.0 NvsC 5.3 PLL-4s 6.8 NVS-15s"
F 3.7 PLL-9s 4.9 BO-6s 5.2 PLD-15s 6,7 PLD-6s”

Abbreviations: PLL = peripheral light loss;
PLVD = peripheral light dim; BO = black out;
NVS = no visual symptoms. A3PLL during long
inhalationg Psa 60/27 just before centrifuge
stopped. PLL at end of single valsalva

held for 14s. C“Psa did not fall below 86/65
except during the one inhalation when peri-
pheral lights dimmed slightly. With suit
alone at 6.1 G and with suit + valsalva at
6.3G, peripheral lights were approximately

50% dimmed early in run only, followed by
complete clearina of vision; Psa was at most
times higher during the valsalva run. Val-
salva maneuver was nhot well performed.

€PLVD during prolonged inhalation at lls;

full run was completed and Psa had increased
to 65/%0 just bhefore centrifuge stopped at
15s, Psa never less than 60/45 and was 120/8C
at end of run. No fusther runs were perfcrmed
because of fatigue. PLL during prolonged
inhalation at 7s; Psa had increasgd to 75/25
just before centrifuge stopped. Psa at no
peint lower than 75/55 and had reached 182/120
during third valsalva just before end of run.
No further runs performed because of fatigue.
Peripheral and central lights approximately
50% dimmed during inhalations; Psa was 115/

S0 just before the inhalation. All above
arterial pressures are referenced to eye
level, from Shubrooks & Leverett (224)) .
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A relationship for change in eye level blood pressure due to
the use of an anti-G suit ( APgqg) is derived from the following
considerations. Burton et al. (34) have postulated the following
relationships for an increase in G tolerance due to wearing and
inflating an anti-G suit. These relationships were defined in

Section A.2,3.

If it is assumed that the increas2 in eye level blood pres-
sure is 25 mm Hg for each G unit of increased tolerance the equa-

tion for Apegs in mm Hg is given by

The algebraic sum of all the pressure changes is taken with
heart level arterial pressure (P,) which then yields the resulting

eye level blood pressure (P,).

INTRAOCULAR PRESSURE

The block H represents a transfer function which relates in-
traocular pressure to G,. Intraocular pressure is normally rela-
tively constant, being maintained by a complex pressure regulation
system. Young & Supfer (271) propose the model

AP{(t) = AV(g) KPge XPoCt [Eq. A.3.1-6]

to relate change in intraocular pressure ( APj) te change in exter-
nal volume. In the above equations K represents scleral rigidity,
Po the nominal intraocular pressure, and C the flow conductivity.
This relationship holds for a non-acceleratory environment. A re-~

lationship between AV and acceleration must be determined. To

date none has been found.

Another approach might be possible, however, based on the
fact that in a -G, acceleration environment venous return flow is
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stopped. An acceleration of -3 G, results in venous pressures on
the order of 100 mm Hg (86):

"As the pressure in the vessels of the neck increases during
-Gz, the carotid sinus reflex and reflexes initiated by low-pres-
sure system volume receptors cause a slowing of the heart and a
dilation of the arterioles. The reduced heart rate and the de-
creased total peripheral resistance cause the arterial pressure to
approach the venous pressure. As the pressure gradient across the
capillaries declines, cerebral blood flow decreases. This may
result in cerebral stagnant hypoxia if the acceleration is pro-
longed" (86). Within the ocular circulation system, elevation of
the intraocular pressure results in the dilation of the disten-
sible blood vessels, chiefly the choriocapillars. When all the
blood vessels dilate ad maximum, the intraocular pressure prevents
the access of blood to the eye (l). The restricted blood flow
produces ocular hypoxia and the general "grayout" and eventual
loss of vision.

The relationship for intraocular pressure in this case is

given by

Pj = 33 (=Gz) @ + 20 [(Eq. A.3.1=7]

where the symbol ® implies that If (-Gz) < 0; Pj = 20

If (-Gz) > 0; Py = 33 (=Gz)+20.
However, this only admits to changes in Pj; due to negative G,. No
support for the position that there is any change from + G, has
been found.

RETINAL CIRCULATION FLOW RATE

Block "C" represents the integration of the difference in eye
level blood pressure and the intraocular pressure. The integra-
tion over the vessel area would yield the flow rate or velocity of
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blood into the retina circulatory system. Of prime interest is
rhe mass flow rate of oxygen to the retina. As flow rate slows,

£
Ei the peripheral retina may have insufficient oxygen to perform
i properly. Block "C" appears as
; |
Q = {Pe = Pi, )
i 4at [Eq. A.3.1-8] j
3 A i
; ]
L This term may be treated as a parametric control system, in which i
é the resistance (A) is a positive monotonic function of (P, - Pj), i
;5 going to ~owith Py, > Pj, representing vessel collapse. Now com- 2
E | bining the flow rate in the retinal circulatory system and the par- i
- i
! tial pressure of oxygen in the inspired air, the oxygen saturation g
'f at a particular point @ from the fovea could be computed if a re- g
g% lationship were available. However, none has been found to date. §
= Another approach is to compute oxygen saturation (S-03) from a ﬁ
éj function derived from the data of Figure A.3.1-8, which relates ?
- P,02 to G,. g
1 3
!
E sk
3 [ ¥
[ , sl © = LEVERETT AT. AL, (1873) A
RESTING ® = MICHAELSON (1972) 4
! Pa0g = 975, ~00936G 1
. L) ot °
¢ = 0.996; P<O0M
'Y o
b
L. |
65 ‘ :
|
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i This relationship would appear in Block D. Another approach

would be to relate blood pressure to visual effects with a delay
and neglect 0s tensiou. Further, if this approach were employed
it would be advisable to consider the visual effects as a function
of the product of acceleration and time in a "leaky" integral.

If a suitable relationship were available, the model would
continue as Block E relates the level of oxygen saturation (S-0j3)
at some angle 8., The output of Block E is then the dynamic re-
sponse of that portion of the retina based on predicted S-0j
levels., Block F represents the spatial relation of acuity of 8,
to the full acuity. The output is D(8) and would follow a rela-
tionship of the form illustrated in Figure A.,3.1-9,

.- ”
V/ 7 EFFECTIVE
¢ GREYOUT

EVE LEVEL
8P
0

@ - DISTANCE FROM FOVEA

Figure \,3.1-9 Visual acuity relative to the fovea at a
function of eye-level blood pressure.

The intersection of D, 8., and predicted eye level blood

pressure yield the minimum discrimination angle visible at any par-

ticular point in the pilot's field of view.
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Blocks D, E & F are not defined in current literature. There-
fore a modified model appears in Figure A.3.1-10, Here Block C is
a simplified model of C, D, and E. The representation maincains
o the model in blood pressure., The block contains a gain as a func-
- tion of G to represent the change in P 03, hence a change in S-0;

’ of arterial blood and a first order lag that simulates the time de-
pendency of depletion of oxygen in the retinal peripheral vessels.

e PP A o NP
i

g

! -Pj 1
L Pe P’ Dé
; ¢ " b — ‘
! 1
; : j
: Figure A,.3.1-10 Blood diagram of modification to visual 3
: effects model =liminating requirement of
. ¢ functional relationships among blood
£ pressure, flow rate and 02 saturation. '
3y

IOt L I P

Block C' would contain the relationship,

R v TR

Pe = Pi _g(q) [Eq. A.3.1-9]

P Ts+l

where P' is the predicted blood pressure. F

D' (8) is then the relation of minimum discrimination angle
as a function of predicted blood pressure in the eye and angular
measure from the fovea. A relationship for D' (P', 8) is not
available in the literature other than to be derived from rela- . %-
tionships of acuity as a function of G, and blood pressure (P') _ ;f

also as a function of G;.

f% It is known that as positive acceleration l.wsers the central :
,g arterial pressure, blood flow stops in the small peripheral ves- -
; % sels. Halnes (105) suggests there is a critical clesing pressure i
¢ -
F oy
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(pressure within a blood vessel) which is reached in the extreme
peripheral area of the retina, The onset 5f the closing was evi-
dent in vision for greater than 70° from the line of sight (104).
Krutz et al. (145)‘corre1ated the blood flow in the superficial
temporal artery and direct eye level blood pressure to subjective
visual symptoms during +G, accelerations. When blackout was
approached (2.7 to 4.6 g's), eye level arterial blood pressure
began to fall concomitant with the occurrence of retrograde flow
in the temporal artery (Figure A,.3,1-11 and Figure A.3,1-12).,
Zero forward temporal flow (Qpa) was determined with both graphic
and audio recordings 6 seconds (4 to 9 range) prior to blackout.
Eye level mean arterial pressure (P,) decreased to 20 +1 mm Hg
when zero forward Qpa was initially recorded (l144), Based on ar-
terial distribution, increasing acceleration should, by progres-
sively cutting off the blood supply to the peripheral parts of the

1
BLACKOUT
+Gz
1 >

R TR, L .
S L T

Fiaqure A.3.l-11 Eye-level arterial pressure and blood flow
responses during rapid onset run (ROR,
1 G/s). Qta = nondirectional temporal
artery blood flow velocity: Pa = eye-level
arterial blood pressure; Pa = mean eye-
level blood pressure. (from Krutz et al (144))
(courtesy of Journal of Applied Physiology).
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Figure A,3.1-12

Occurrence of retrograde flow in the temporal
artery prior to peripheral light loss (PLL)
and subsequent blackout. A nondirectional
signal processor was used with the trans-
ducer on the left temporal artery: a dir-
ectional signal processor was used with

the transducer on the right temporai

artery. (from Krutz et al (144)) (courtesy

of Journal of Applied Physiology).

retina, produce an almost concentric narrowing of the field of
vision. Since there is no direct arterial supply to the fovea,
visual acuity degenerates well before verception of light is lost

(81) (Figure A.3.1-1)

The derivation of this model has neglected any changes in
color perception as a function of +Gz. There is no fir
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. indicate that color changes occur during high sustained +G,.
Brightness has also been neglected, Only at very low light levels
(less than 0.2 ft-~L) is visual perception a function of luminance

and +G, (98).

A simplified model relating G, to visual field remaining ap-
pears in Section 4.3.,3. This model can currently be used in any
mechanizations while the more sophisticated model must await fur-

e

P ——

ther research.

NEGATIVE G EFFECTS

2 dod mmse e e bt

e —

Some further notes on negative G, are appropriate at this %
| I point. In general a small percentage of aircraft maneuvering is j
F accomplished in the negative G environment. This is a result of ]
{ ‘ two factors: 1) aircraft are not stressed to accommodate this :
environment and 2) pilots are uncomfortable in this environment
% o and therefore avoid it. The most controversial area of negative :
. G, is that associated with the "redout" phenomenon. This phen-
omenon has had a great mystique associated with it., Some report ;
that it has never been reproduced experimentally (86), some report
it has occurred in flight (81 & 176), and one author has reported
its occurrence in the centrifuge (Ryan (214)).

The mechanism which causes redout is also controversial.
Some postulate petechical hemorrhages proliferated by lacrimal ¥
fluid; others conjecture that the engorged conjunctiva are pulled
over in the eyes. Even the reports of it in flight are sporadic,
causing the phenomenon to remain somewhat enigmatic. Also re-
ported by Howard (81) is an occurrence of halos surrounding bright
objects. While grayout dimming has not been reported (134), Ryan
(214) reports "Visual symptoms during the negative G tests were
frequent and diverse in character. Blurring of the vision was the
most commen complaint., A few subjects noted some graying of j
vision, while others, particularly during the -2.5 and -3G, runs,
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experienced a reddening of vision, involving either the whole
visual field or only its periphery".

Another interesting visual phenomenon, the "elevator effect",
(43) is described in Section A.4.1 of this report.

A,3.2 Visual Effects of Transverse Acceleration

The visual effects of transverse G are minimal. Accovrding to
Gillingham & Krutz (86), subjects have withstood up to 15 Gy
without blackout. Some visual disturbances have been noted above
12 Gy. These disturbances have been in the form of blurring and
excess lacrimation. The authors conjecture that the visual aber-
ration may be caused by distortion of the eyebgll due to the large
force acting on the eye.

Duane (62) reports similar findings. Graying, he states, may
be due to retinal ischemia, but he further states that no way to
measure this is available. Duane noted thit in myopic subjects,
posterior shortening of the globe may occur.

Very little research has been accomplished in regard to later-
al acceleration. Some petechiae have been reported in the right
orbit at -5 Gy; also a scleral hemorrhage occurred at +4 Gy.
Blurred vision was reported by one subject at +4 Gy. These ef-
fects are reported in Fraser (71); however, the likelihood of
exposure to accelerations of this magnitude along the Y-axics of
the body is virtually nonexistent.

A,3.2.,1 Lacrimation

Blurring of vision at relatively high levels of prone and
supine G acceleraticn effects (Gy) is not uncommon and has been
attributed to lacrimation, the process of tears forming in the
eyes, disrupting the path of incoming light rays. In most cases,
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the symptom does not occur until G levels exceed the 6g range and
is still evidenced in the 12 to 14g region (50, 86). Although the
lacrimal event does not appear toO be sensitive to the direction of
Gy the authors note the usc of adjectives "abundant" and "exces-
sive” used to describe tearing under -Gy (50, 244), whereas those
accounts describing similar experiences under larger magnitude
plus G, conditions simply note the occurrence of lacrimation (86,
160)., It is possible that more than one mechanism is at work in

acceleration induced lacrimation.

The literature offers little insight into the causes of ac-
Secretions to lubricate and pro-

celeration induced lacrimation.
Normal lacrimation

tect the eyes fzll into three categories (1l).
lubricates and protects the conjunctiva/cornea interface and is
issued in small gquantities by accessory lacrimal glands of
Wolfring and Krause located in the superior and inferior fornix, a
sac beneath upper and lower eyelids (Figure A.3.2.1-1). Secondly,

an oily secretion is exuded to the edge of the upper and lower

eyelids to the cheek. The third cateqgory of secretion is the pro-

ORBICULARIS MUSCLE -
GLANDS OF KRAUSE

GLANDS CF WOLFRING -~ SUPERIOR FORNIX

INFERIOR FORNIX
GLANDS OF KRAUSE

~—

Sacittal section through eyelid and eyeball
(after Whitnall (1),

Figure A,3,2.1-1

i
F
i
1
i
1
i
:

e el o it o Mkt e i sl i s 2

B il i,

2.5

st sty




kil

duct of the lacrimal gland located in the upper temporal gquadrant
of the orbital area of the eye (Figure A.3.2,1-2), Whereas the
accessory lacrimal glands produce only enough lacfimal fluid to
keep the cornea/conjunctiva moist and much of this is lost to
evaporation (181), the lacrimal gland can produce sufficient 1
quantities of fluid to produce significant tearing and flush the ' ;

anadicle i 0

eye of irritants.

L e s i

LEVATOR PALPEBRAE SUPERIORIS

EATRIEN

INFERIOR CANALICULUS

LACRIMAL GLAND -
ORBITAL PORTION

LACRIMAL GLAND -
PALPEBRAL PORTION

~———LACRIMAL SAC
LACRIMAL LAKE
INFERIOR PUNCTUM
LACRIMAL FASCIA (PUMP)

bl

fiqure A,3.2.1=2 Frontal diagram of selzcted elements of the
right eye (modified after Adler (1)).

Lacrimal fluid generally enters temporally and is moved in a
nasal direction under the "squeeze" action of orbicularis muscle i;
to collect the lacrimal lake at the inner canthus. Upper and low- '
er punctum form dra'ns permitting fluid collecting in the lucrimal
lake to enter the lacrimal sac through the tube-like canaliculi.
Dissections of the lacrimal sac reveal a pumplike diaphragm which
moves in a direction parallel to the horizontal plane. Tears form '
i when lacrimal fluid flow from the lacrimal gland and the accessory ‘f
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lacrimal glands exceed the capabi'i:ies of the lacrimal sac pump,
canaliculi, and punctum to drain the lacrimal lake.

The literature suggests three types of lacrimation, but the
innervation of each is not precisely and definitely known., Normal
lacrimation from the accessory glands is governed in part by the
cervical sympathetics (1), and it is also noted that parasympathe-
tic and sympathetic fibers join the efferent nerve path leading
toward the lacrimal gland (see Figure A.3.2.1-3), suggesting that
normal secretion from the accessory lacrimal glands might be aug-
mented at times by the lacrimal gland. The second type of lacrima-
tion is psychic, the product of emotion, and its stimulus arises
centrally and appears on the 7th cranial nerve path serving as the
efferent nerve path leading to the lacrimal gland, which suggests
lacrimal fluid issued during psychic weeping is primarily the pro-
duct of the lacrimal gland. The third type of lacrimation is also
a product of the lacrimal gland, wherein large quantities of £fluid
are required to flush the eye, and is known as reflex lacrimation,

CORNEA/

CONJUNCTIVA
REFLEX AFFERENT PATH {OLFACTORY

STIMULUS

TRIGEMINAL
GANGLION

OPHTHALMIC NERVE LACRIMINAL
NERVE

. =N G Sh
[ e f:"'
MAXILLARY TSR
NERVE JELEFreniy
- -
ZYGOMATIC R e P
NERVE Lt e
\

SFHENGPALATING
GANGLION

PONS

AEFLEX PSYCHIL EFFERENT PATH

FACIAL
GANGLION

GREAT
SUPERFICIAL

PARASYMPATHETIC PETROSAL NERVE
SECRETORY FIBERS SYMPATHETIC

FIBERS

Fizure A.3.2.1-3 P:ima;y afferent and efferent pathways
affiliated with the lacrimal gland (after
Adler and Mutech (1))
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Afferent reflex stimuli issued when the conjunctiva or the
olfactory sensors become irritated, travel inward along the
lacrimal nerve, a branch of the ophthalmic division of the Sth
cranial nerve. The reflex arc is coupleted by the appearance of
reflex induced stimuli appearing at the 7th cranial nerve and
traveling the efferent path to the lacrimal gland.

It does not seem reasonable to attribute acceleration induced
lacrimation to psychic weeping because the emotional stress of +G,
seems likely to be of the same or larger magnitude as that accom-
panying Gy yeot lacrimation is not documented as a +G, cymptom. A
similar but less convincing argument might be made foir reflex
lacrimation, Superficially, it would seem that both Gy and Gj
might cause conjunctiva/olfactory stimulation; however, without a
detailed examination of the dynamics of these sensors as affected
by the inertial effects of both x and z acceleration, the argument
must be held in abeyance. It would be most interesting to subject
individuals known to be capable of psychic weeping but possessing
a dysfunction of the reflex afferent path to a Gy, centrifuge ex-
perience in order to determine if lacrimation occurs. The absence
of the symptom would build a case for acceleration induced reflex
lacrimation. The presence of lacrimation in Gy but not G, would
tend to indicate that a mechanical rather than neurological condi-
tion is responsible for acceleration induced lacrimation.

A clue, possibly implicating mechanical rather than neurc-
logical lacrimal cause, is provided by Duane (62), who recounts a
NASA experiment in -Gy centrifuge runs wherein a graying of the
visual field was observed at the 6 to 8g region. Cinephotography
of the eyes captured the appearance of a tear film forming in the
upper temporal quadrant of the eye and spreading across the cor-
nea., The film issued from the region of the lacrimal gland and
not the accessory lacrimal glands, suggesting that possibly this
gland, caught between the forward inertial force of the eyeball
and the unyielding boney structure forming the temporal portion of
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‘- the eyeball socket, may have been mechanically squeezed, inducing
issuance of lacrimal fluid. The fact that the tear film spread
% . across the cornea can obviously be attributed, in part, to iner-
| tial effects operating on the fluid as well as surface tension.
It would also indicate the lacrimal .ssuance was in sufficient
quantity to justifiably be considered the product of the lacrimal

gland.

As earlier stated, the authors found lacrimation documented
as occurring in both plus and minus Gy with less definitive state-
ments associated with + G4 occurrence. Likewise, lacrimal gland
compression in +Gy does not seem so plausible, If we are to ac-

cept lacrimation, and unless there exists a major disruption in

the accessory lgcrimal glands significantly increasing their pro- ;
duction capability, it would seem that the lacrimal gland must

also somehow be involved in +G, lacrimation. A possible exception
to this might exist if the lacrimal sac were found, under inertial
J compression, to permit already drained lacrimal fluid to reverse :
% " flow through the canaliculi into the lacrimal lake.

10 G CUING POTENTIAL

In the absence of considering the possible effects of drug ;
kF . usage, the only path to reliably induce lacrimation in the unac-
| celerated state appears to be through reflex arc stimulation.
Initially, the authors felt that exposing the eye to a gaseous
irritant would likely produce lacrimation on command., It does, ;
but common irritants also produce detectable pain in the conjunc- 5

i

tiva, which is not acceptable. Fumes of ammonia, onions, smoke

and phenylbromo-aceto-nitrate (tear gas) administered without
exposure to the olfactory apparatus all produce tears in varying
quantities, but also the undesirable side effect of pain. Very
significant reflex stimulation is possible by employing the olfac-
tory sensors; however, the ingested irritant must be perceptibly
odorless and, to be acceptable as a cuing mechanism, indisputably
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harmless. Finding such a substance may be more difficult than it
is worth when it is noted that the end products of lacrimation,
visual blurring and fogging, are a2lso associated with +G, effects

and induced by other physiological phenomena. As such, the visual ]
effects of Gy, could most economically be generated by the G,

production., This approach is further warranted based on the in-
frequent occurrences in which a lacrimal acceleration environment 1
exists in the high performance atmospheric aircraft flight envel-
F ope.

A.3.3 Summary

T
T T,

i The visual effects resulting from high G flight have been
- b presented in this section. A structure of a mathematical model of

I these physiological effects was postulated. Some functional rela-
tionships await further research to complete the model. However,
a simplified model is presented in Section (4.3.3).

o T st e i

A.4 Musculoskeletal

ookl

A.4,1 Extremities

Extremity loading would seem to be an important part of the
high G environment when considered as either proprioceptive cuing
of environmental acceleratiocn magnitude or as the introduction of

RSl i

constraints upon manual task performance. Under conditions of
+2 Gz it is reported that a subject can barely rise from his seat, i
under +3 Gz it is nearly impossible to raise the leq, under 1

+6 Gz the arms cannot be raised above the head, and under +8 G,
the forearm cannot be raised from a horizontal rest (120, 256),
Surely with effects as noticeable as these one would expect con-
siderable research to have been conducted in the area of extremity
performance and proprioception under high G conditions. Such is
not the case.

ik, st | i iy b
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The authors share Kroemer's (140) surprise to find little
systematic research regarding extremity muscular force capability
under high G conditions. Grether (98) encountered the same ab-
sence Oof research concerning manual control capability under ac-
celeration and drily observed that "perhaps the effects appeared
so obvious to research workers that they felt research was unnec-
essary”®. Our search has revealed very little additional data,
certainly none which directly assesses the importance of 1limb
proprioception and control in the context of aircraft piloting and
missicn performance., WNevertheless, sufficient data does exist to
provide a reasonable departure point for discussing a portion of
the mechanization of limb proprioception under high G and some
physiological performance findings will suggest means to recreate
these conditions in the lag environment. Our investigation herein
will be limited to the arms.

Consider the human arm to be composed of iwo segments: the
forearm and hand, hinged with respect to the upper arm at the
elbow joint, and the upper arm hinged with respect to the upper
torso at the shoulder join%, In a 160 pound male the weight of
each of these twc segments can be taken as five pounds (108),
Joint freedom and muscular support permits both of these segments
to be positioned such that, under inertial acceleration effects,
moments about the supporting joint arise., These inertial accel-
eration moments are either:

a) Totally resisted by change in muscular tone such that
segment position remains unchanged.

b) Partially resisted by muscle tonal change permitting
some alteration in segment position.

c) Not resisted at all by muscle tonal change with conse-
quent movement of the segments constrained only by the
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dynanics of the acceleration event, the degr~ = of
freedom permitted by the joints, and space '/ ' .2,

Inertially induced segment movement and/or muscle .¢n.l
change can occur in the arm held static as well s the arm direct-
ed to movement.,

PROPRIOCEPTION

The obvious sensory mechanisms for proprioceptive detection
of inertially induced arm loading are those sensors which register
muscular tension, muscle outflow, segment position, and tactile
pressure. Under the predominant acceleration vector of concern,

+G,, and based on the positions the arm may normally assume within
a tactical aircraft cockpit, the main muscular systems employed by ?
the seated subject in resisting or compensating for +G, are the
biceps/triceps governing the forearm/hand segment and the deltoid/
lattissimus dorsi governing the upper arm segment. The shoulder

joint and elbow joint play roles in perceiving segment position.

MUSCULAR TENSION REGISTRATION

Although controversy surrounds the method by which segment
relative placement or skeletal spatial position and attitude is
perceived, there seems relatively firm and consistent agreement
that the Golgi tendon organ, Figure A,4.1-2,.is the principal
mechanism for measuring muscular tension. The rate of discharge M
of the tendon receptor tends to follow muscular strain such that

as the contraction and tension of a set of muscular fibers becomes
more severe, a greater number of tendon receptors contribute to

the total discharge (116,178). Borah et al., (22) advocate a Golgi i
tendon organ response such as that shown in Figure A.4.1-1, which
depicts a discharge output profile of very rapid rise time border- ;
ing on the characteristics of a discrete step with subsequent .1
adaptation decay.
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MUSCLE FORCE
: 40
0 o } '
: 0.5SEC
E . Figure A.4.1-1 Model for Golgi Tendon corgan function and
: experimental result of increasing muscle
tension (from Houk and Henneman, Borah

Ty

et al (22).

ke L el

The above points, taken individually, do not specifically i
define how variable muscular tension is monitored in continuous ]
form. Taken together they seem to suggest that if a uniform ten- ﬁ
sion threshold applies for all tendon receptors in the set of
muscular fibers, as an additicnal muscular support is desired, a
greater number of muscular fibers and their tendon organs are
"brought on-line" discretely. Alternately variable thresholds
might be uniquely assigned the tendon receptors such that as

tension increases, a greater number of tendon receptors enter
their accelerated discharge state. The behavior of the discharge
suggests the Golgi tendon organ to be positioned in series with
the muscle fiber and this is supported by anatomical evidence
(116), The afferent path from the Golgi tendon organ is stimu- ‘
lated by muscle fiber contraction. However, artificially placing .

the receptor under tension by invasive means does not produce a ;j
perception of increased load (93). There has been some success in 5
artificially, in non-invasive form, stimulating the afferent paths
of the overall set of receptors employed within the muscle fiber
through the use of externally applied vibration (93, 99).
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Although tendon organ afferents were somewhat stimulated by
8 vibration, Goodwin et al, (93) believe the primary effect was ex-~
f; perienced by the primary spindle receptors as opposed to the secon- 3
;' dary spindle and tendon receptors. This conclusion was based on '
E the fact that the vibratory stimulus primarily introduced an illu-
sion of segment movement, or velocity, which materialized as an
error in assessment of segment spatial position and was similarily i
, experienced regardless of muscle tension levels, Therefore a
%5 vibratory stimulus of this nature does not seem to hold promise
F for usefully stimulating the Solgi tendon organ receptors for the
: purpose of forming an impression of muscle tension in the absence
-k of actual muscle tension. Further the vibratory stimalus would
introduce a set of related tactile perceptions which would detract
from the desired perception,

SKELETAL SPATIAL POSITION PERCEPTION §

aAdditional information concerning the magnitude of external ;
load can be derived by assessing, in conjunction with the measure '
of muscular tension, the positional change of a skeletal segment
subjected to the load. The acknowledgment of zero positional
change is informative in itself., Perception of spatial position
and attitude of upper and lower arm segments in this case is
derived from joint receptors located in the shoulder and elbow
joints as well as the estimate of the length, or stretch, of , |

A it 1200t e 50 s s
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muscles controlling upper and lower arm. . |

As recently as 1966 the idea that muscle length registration )
is used in the perception of skeletal joint angles was met with 5 :i
skepticism (79, 178). Rather, the burden of this perception was f

ascribed, in the main, to joint receptor afferents. Only in the @ E
last few years have the muscle stretch receptors, muscle spindles, ~¢ :
been assigned a more significant role in joint angle perception ‘§ ;
(93). The shiit in emphasis is not so much a result of dramatic -e !
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findings concerning the stretch receptors as it is in a greater
acceptance of a fundamental ambiguity of the joint receptor, whose
afferent. impulses are altered by tension in the muscular system
driving the joint (99). This is not a new finding; in 1956
Skoglund observed this phenomenon within the knee joint of a cat
(116). Muscle length registcation would form a basis of compen=-
sation for joint receptor ambiguity.

The muscle spindle, Figure A.4.1-2, is interspersed through-
out the fibers of the muscle. The spindle is innervated by ¥ (ef-
ferent) fibers in cross network form such that a single Y fiber

NUCLEAR CHAIN FIBERS
NUCLEAR BAG FIBER \

MOTUR PLATE ENDING

Y EFFERENT .;

FLOWER SPRAY ENDINGS f H
SECONDARY AFFERENTS ) Bt
" v RRE
EXTRAFUSAL'

MUSIC LE FIBE?S‘

ANNULOSPIRAL ENDINGS /
PRIMARY AFFERENTS

11 TA)

SECONDARY AFFERENTS & "“‘“ \

MOTOR TRAIL ENDINGS 2k
Y EFFERENT
y EFFERENT

SPINDLE CAPSULE ———

TENDON

GOLGH TENDON —— —-—— A__
ORGAN CAPSULE | l\“ ) l

GOLG! TENDON »
ORGAN AFFERENT !

Figure A.4.1-2 Muscle sersors (modified from Borah (22))
& Howard (116))e
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services many spindles. The spindle contains a contractile ele-
ment, intrafusal fibers, which is innervated by efferents leading
to the motor plate and trail endings (2Z)., Intrafusal fiber con-
traction maintains an appropriate amount of tension on the spindle
: so as to maintain its sensory endings at threshold levels in the

} presence of main muscle, extrafusal fiber, contraction and stretch-
ing. The spindle sensory endings are of two types: primary and
secondary. The primary ending is characterized as an annulospiral
structure located in the equatorial section of the spindle bounded
at each polar region by the flower spray structure secondary end-
ings. The discharge pattern of the afferents leading from the
primary and secondary endings show marked differences in dynamic
response as depicted in Figure A.4.1-3.

¢
| STRETCH STiMuLUS RELEASE
¥ -
1 /\/\/
;
PRIMARY ENDINGS

- _NN[-
- | I S
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Figure A.4.1-3 Qualitative discharage patterns of spindle
primary and secondary afferents (modified
from Howard (118)},
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The primary ending output is fast conducting and of low threg-
hold Although the discharge frequency increases with muscle
strc ch (tonic response; it is particularly sensitive to the rate
of stretch (phasic response). This suggests a "differentiation”
capability located in the nuclear~bag containing the primary end-
ings. Velocity information such as this might be employed as rate
feedback damping in the overall reflex arc governing muscular acti-
vity. An additional peculiarity of the primary ending discharge
pattern is its "quiet periods.™ During extrafusal fiber contrac-
tion, the primary ending output falls silent as it is unloaded to
less than the threshold stretch. Primary afferent signals do not
reappear until, under Y efferent stimulation, the intrafusal
fibers pick up the slack in the spindle and reestablish threshold

conditions.

The secondary ending discharge intensity follows the amount
of stretch with little or no rate sensitivity or silent periods.
The primary endings, therefore, form a measure of both muscle
length (or stretch) and rate of change of length, whereas the sec-
ondary endings provide simply a measure of position or muscle
length (116). The spindle could be likened to the error detection
circuit of a servo wherein it dutifully monitors stretch mismatch
with the extrafusal fibers, responds with afferent signals which,
through the reflex arc, results in Y efferents causing the extra-
fusal fibers to contract or expand toward elimination of misalign-

ment.

This treats the gspindle too simply and overlooks the import-
ance of Y efferent effects on the spindle, Under voluntary muscu-
lar tonal change, when one wills a muscle to lenathen or contract,
it is thought that the initiating stimulus arrives at the muscle
via efference to both the intrafusal and extrafusal fibers and is
termed o - ¢ co-activation. The principle feed forward control is
by direct descending pathway command to the oLmotor neurons. In
parallel, the system "sets" the spindle desired response and al-
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lows the fine control of the spindle feedback to compensate for
muscle and load variations., The delay associated with the spindle
reflex arc is ~onsidered to be in the range of 60-140 ms. As mea-
sured between the onset of an impact or step inertial load applied
to a muscle system, and the time of maximum o< efferent activity
resisting the impact is registered (239). :

The spindle reflex normally acts to resist limb disturbance
when the muscles being requlaied are active, Only the voluntary
decision to relax th2 musculature can inhibit the reflex, Conse-
guently it is not possible to impress steady state information on
the spindle afferents for the purposes of proprioceptive cuing
without eliciting a reflex arc efferent causing muscle tonal
change. In the absence of external loading, the skeletal segment
controlled by the muscle would involuntarily enter unwanted mo- ]
tion. Within the literature reviewed by the authors, only the :
unacceptable approach of sectioning is mentioned as a means to §:
inhibit the < efferent. However, as mentioned earlier, the exter-
nal application of a vibratory stimulus does seem to bias the i
spindle afferents in a manner causing a perceived change of skel-
etal spatial attitude and position. The precise relationship be-
tween the vibration stimulus and the perceived limb movement is
still under investigation (99).

L, ot e il
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Historically the joint receptors have been described as the
main source of the information concerning skeletal spatial posi-
tion and attitude. The joint receptor ambiguity mentioned earlier i
gives rise to the distinct possibility that the joi-* receptor is . i%
but one of several sensory mechanisms contributing to kinesthesis., : i
The resulting accuracy of perception is really quite remarkable:; |
Cohen (46) found that in arm outstretched pointing exercises,
without the aid of visual fixation, subjects were able to point to .
a target, allow the arm to drop to the normal hanging position and B ;1
return to within a mean value of 3.3 ¢m of the targat point. He .
reasons that s3ince two understandings or assessments are involved
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herein the accuracy of the shoulder joint positional sense must be
within 1,5 degrees. Colen also notes that Goldscheider determined
the positional movement threshold of the shoulder to be 0,04 de-

_ grees. Both of tliese findings suggest that arm movement induced

% by inertial loading cun be precisely measured.

Juint receptor sensory ends are composed of Ruffini flower
spray ard Golgi type structures interspersed throughout the joint
connective tissue, Some joint receptors seem active at all joint 3
angles and others active through fairly large angular ranges.

Still others form the functionally expected case wherein their dis-
charge is confi-ed to a unique joint angle such that as this joint
angle is approached, discharge level becomes intense reducing

again as the joint angle is passed. The discharge pattern demon- _
strates adaptation; should the joint angle pause, the discharge ]
from the receptors attuned to this particular joint angle is at
first intense with subsequent decay.

a4 e . Bt it M

.

The joint receptors are considered to provide rate as well as
positional information. Joint receptor discharge displays a pro-
‘- file containing overshoot the magnitude of which some references
indicate is a function of joint rate (102, 178). Our review of
the literature has not revealed means to noninvasively selectively
stimulate the joint recepters in the absence of join%t rotation,
although overall activity can be increased by co-contraction of

muscles. : R

MOTOR OUTFLOW

Within the spindle discussion, the concept ofac-'Yco-activa-
tion was introduced as a theory of motor control wherein the spin-
dle afferents are employed in corrective feedback form. Howard V
speculates that a direct o route is used for rapid ballistic move- j
ment, without dependence uvpon the spindle afferent system. o< ’
direct or ballistic movements are exemplifizd by the pianist's
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this type of activity 1is so rapid as to preclude the use of
kinesthetic feedback and tends to substantiate an=<direct type
concept (116). We would add as examples of rapid, well-practiced
movements that of typing, moving the foot between an automobile's
accelerator and brake pedals, and many arm/hand movements employed
in operating the controls of an aircraft and its subsystems. 3

‘ extremities/hands and fingers. Chernikoff and Taylor note that

If rapid ballistic type movements do not depend on kines-
thetic feedback why include them within a discussion pertaining to
: extremity proprioce?tion under inertial acceleration effects?

u First, as will be seen, there are very striking similarities be-
&‘ tween the effects of arm movement within a centrifuge and that
which occurs under ol direct type movements in the presence of
varying external load. This leads us to believe ballistic move-~
ments may be selected often in the tasks which are to be performed
, within the cockpit. We suspect the initial phase of arm movement ]
B to be ballistic with visual fixation or tactile monitoring applied ’
' in the final phase to provide any necessary correction. Secondly, 1
there appears to be a type of proprioception affiliated with o<
direct style movements and is characterized as a sense of "motor
outflow"”, Should motor outflow be the primary means of monitoring
muscular activity in the unaccelerated environment, only to become
notably undependable in the accelerated environment, then it must
be discussed within the context of high G physiological effects.

T
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Motor outflow refers to a copy of how muchol efferent is re-
quired to contract a muscle and hence move the skeletal element
the muscle controls. The storage is called efference copy and l ij
forms a pattern against which =< efference is compared. 1In some o
tagks such as learning where a control is located cr how much a
control must be moved to produce a desired result, efference copy
is probably initially generated by movements heavily dependent -y
uponcc-fyco-activation. After practice, however, we speculate i
that o direct movements ara selected with motor outflow providing .
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control. On the other hand other tasks, such as developing compe-
tency in dart throwing, may always employ=({ direct movement in a
trial and error form so as to modify efference copy to chat pat-
tern producing acceptable dart accuracy.

Roward (116) points out that motcr outflow is quite reliable
in the absence of varying external loads and recounts an 2vperi-
ment performed by Lashley in 1917 which is of interest to us.
Lashley discovered and worked with a subject suffering a bullet
wound to the spinal cord which anaesthetized most of the leg af-
ferents but left intact leg efferents, The subject was able Lo
duplicate a given leg amplitude of movement as well as a normal
subject so long as the leg was not loaded. Lashley attached
spring loads to the subject's leg and noted the subject could not
compensate for the various loads although the subject was under
the impression he had indeed so compensated. (Recent experimen-
tation with trained monkeys shows that afferent removal by dorsal t
root sectlion does not interfere with the accuracy of ballistic

el . < s i

movements.,)

A e 4w

Compare Lashley's observation to that of Cohen's (49) cen-
trifuge subjects who, when directed to point to a target in the E
presence of inertial acceleration effects, initially demonstrated :
a condition of underreach (see Figure A.4,1-4), They would appear ]
to have been using ballistic o direct motor outflow controlled :
nmovements without a prior assessment of inertial locad proprio-
ceptive feedback and planned compensation. The conditions of ‘
inertial acceleraticn loading were available to the centrifuge
subjects but they either were unaware of the stimuli or, if aware
of them, either chose to neglect them or could not make use of the
stimuli since an =Cdirect movement ensued. Granted Lashley's sub-
ject never successfully compensated while the centrifuge subjects
commenced compensation immediately after the first trial. This
suggests the centrifuge subjects, on subsequent trials, fell back

PRporrY
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to greater dependence uponct- ¥ co-activation movements with close

A-79

v G T e L e i 1 i e S Ll



R e -
CENTRIFUGE TRIALS
s b UNDERREACH AND
SUBSEQUENT OVERREACH
J L o IN <26, ENVIRONMENT
9 »

]

« '

g r o * e

-

. 5

g 1V |- o . [ I 3 ° . :

L L - N ?
0 T LI | T i 1

2 s 10 15 20 THIALS .

= . -

- H
¢ -1 . %
i § i . i
: $'F 7
[ 8 . L ; i
: -5 -

- 4

L] E

POST CENTRIFUGE TRIALS i

s OVERREACH WITH ;
SUBSEQUENT REACCLIMATION ;

- TO +16; ENVIRONMENT i

= ]

g 3 ;

L] 2

2 H

: t

g !

g b * ) A i

€ r_ 8 ° 10 \2 20 TRIALS d

g :

s 0

> 3 F H

o H

e 4k :

sk s
Figure A.4.1-4 Reaching error in +Gz environment without

hand/eye fixation (from Cohen (a9)). 1

proprioceptive control until apparent underreach disappeared and |
it was felt successful compensation was established. Evidently
the experience of active motion in the altered envir-onment is
needed for adaptation, It is also likely that during this period
of adaptation new measures of "desired" motor outflow were being
stored away and utilized on subsequent trials with an immediate
desire to move, as quickl; as success would permit, away from
close proprioceptive control back toe<direct movements.

A-80




Proof of this seems to lie in the fact that at the conclusion
of the centrifuge run, the subjects overreached in the lg environ-
ment indicating that proprioceptive compensation occurred guickly
and the subjects were again practicing =< direct movements with a
motor outflow control patterr incorrect for the current load en-
vironment. Further proof of the use of proprioceptive feedback
gsimply for the purposes of establishing a repatterning of the
primary control, motor outflow, is found by noting that although
the trials under acceleration involved unilateral reaching, a
central compensation ocaurred with subsequent bilateral over-
reaching when the subjects were returned to the lg envivonment
(Figure A,4.1-4).

The primary control of an aircraft, the stick, is not subject
to movement which can be characterized as a reaching movement as
previously discussed. A predominant form of stick movement prac-
ticed by experienced tactical aircraft pilots is a sharp, crisp
input to stick position producing a desired aircraft response.
These inputs often appear as steps, pulses, and pulse doublets
with frequency increasing and amplitude decreasing as the tracking
task becomes more demanding. No doubt force as well as length
feedback is in effect at a given stick position since stick
loading is an important feedback parameter., However, the movement
to the desired position appears to have the abrupt characteristic
of ano< direct movement,

The authors believe the Lashley and Cohen observations to be
significant to the issue of high G physiological effects and their
impact on piloting performance because of the apparent importance
of motor outflow control, the dependence on o< direct type move-
ment, and the somewhat secondary role kinesthesis seems to play in
this activity except during compensation. We are lead to the sus-
picion that even if the proprioceptive sensors of the arm were
somehow responding with multi-G loading informatiun, if the phy-
sics of the event did not produce a requirement for motor outflow
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change, the appreciation of the high G envircnment may be signifi-
cantly eroded and the compensatory task, which is scught to be
taught within high G simulation, missing. We are not suggesting
that the proprioception of increased load is unimportant; only
that, if ano< direct ballistic type movement is going to be the
likely maneuver and will be cont:solled by a stored pattern estab-
lished in the lg environment, it may be absolutely necessary to
actually place the upper arm and forearm under external load in
order to provide cause for motor outflow alteration.

To summarize our findings in the proprioceptive area as they
pertain to simulatioﬁ: it appears improbable that the Golgi tendon
receptors can be appropriately stimulated in the absence of actual
muscle tonal change. Unless the external load were varied, such
muscle tonal change would produce segment movement exactly oppo-
site to that which might be associated wita the aircraft acceler-
ation. Steady state stimulation of the spindle afferents will
produce an ~ efferent with similar unwanted segment motion unless
an external load were present, We have found no precedent sug-
gesting the joint receptor afferents can be artificially stimu-
lated in a useful manner. Admittec¢ly, spindle receptors can be
non—-invasively stimulated by vibratory means to give a false im-
pression of skeletal segment position; however, the relationship
between stimulus and pseudo-motion impression is not clear and a
vibratory stimulus would produce unwanted tactile perception.
Motor outflow is likely thc prevalent means of control but this
appears to require actual changes in skeletal segment loading in
order to force alteration. Based on this examinalt:.on of each of
the receptor mechanisms we conclude that actual skeletal segment
external loading will be required to ellicit the desired proprio-
ceptive effects imposed by inertial accelzration loading.
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EXTREMITY PERFORMANCE UNDER HIGH G

i Inertial acceleration loading is experienced as a proprio-

7 | ceptive input; it also introduces constraints within the control

g of a tactical aircraft., Little, et, al. (161) found that a 10-15%
degradation in tracking tasks occurs as acceleration levels
approach the 5-9 G, range. They noted that the degradation was
not progressive as a function of duration under acceleration and
hypothesized that degradation occurred as a consequence of an
adaptatinn process which is independent of duration under
acceleration, Hence, once having executed adaptation, no further

TR e A
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%_ degradation was experienced. It is interesting to note that the

, adaptation d4id not appear to permit the elimination of the basic

i degradation in tracking. Only infrequently would we expect to
find tactical aircraft acceleration levels in the 5-9 G, region.
Our primary concern is + G, and its effect on active arm movements
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and force capability. ﬁ

- We have already introduced some of Cohen's work (48, 49) in

AL Sy

i§ - - the discussion pertaining to motor outflow. It is one of two
i studies referenced herein regarding the effects of arm reaching

ENRTEY

under + G,. In the absence of visual fixation of the moving arm,
Cohen's subjects initially reach low as expected but, on subse-
quent trials, ultimately end up overreaching their target. Cohen
attributes this to a phenomenon termed "elevator effect" which
manifests itself as the illusion that targets in the field of view
appear to rise under increased + G, and consequently appear to be
higher than their true position.

§ 3 i

The illusion of elevator effect was investigated at length by
Niven, et. al., (185) who, interestingly enough did a portion of
their experimentation within the elevator cars of the Empire State
Building in New York City and the Waterman Building in Mobile,
Alabama. Elevator cars were selected to provide translatory
acceleration free of radial ecffects. Both subjects possessing
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normal vestibular apparatus and those suffering vestibular
dysfunction (labyrinthine defective) were exposed to + Gz ac-
celeration. Normal subjects experienced upward movement of viewed
targets under + G, and downward movement ¢f same under - Gz. The

apparent motion of retinal afterimages, reflecting the eye move-
ment, was reversed., The labyrinthine defective subjects saw no
illusion of movement of targets in their field of view and al-
though they reported some afterimage movement, there was no clear-
cut direction associated with a afterimage movement. The normal
subject's eyes tended to rotate in a compensatory manner, down
briefly under + G, and up in - G,. This did not occur in the

labyrinthine defective subjects. The authors concluded that ele-

vator effect is a transient portion of the oculogravic illusion
and otolithic in origin.

Because the utricular otolith is oriented ia a pitched up at-
titude relative to the normal anatomical axis of a human, an in-
crease in +G,; produces the same otolithic stimulus as an increase
in body pitch attitude. The illusion of pitch up is the predom-
inant sensation associated with the oculogravic illusion and it
would appear that its onset phase, that of increasing pitch, re-

flexly induces the eyes to lower giving rise to the illusion that

targets in a settling field of view are moving upwards. Although

the sensations of increased pitch may be long lasting, Niven (185)
believes that rapid adaptation to the effect is due to reestablish-

ment of eye fixation and would occur within approximately 200 ms.

Cohen's subjects demonstrate an ongoing condition of errreach

which might be due to the fact that visual fixation on the moving

hand was not permitted. Cohen did include some trials wherein

visual fixation was permitted but does not comment whether the

same type of overreach under inertial load occurred therein. Re=- -1
sults of other work available to us do not allude to this type of .
overreach; however once at a given acceleration level, repetitive

p——_

trials were not employed. Therefore we cannot be certain of the ‘
overall arm disturbance profile sought within the simulation. We
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must keep in mind the possibility that eventual overreach purpose-

ly introduced at steady state acceleration levels may be desirable
to mimic the results of elevator effect,

The results of a study by Canfield, et. al., (35) are guite
helpful in understanding the constraints imposed upon arm reaching
activity under inertial acceleration load and demonstrates that
fore/aft as well as vertical arm forces are disturbed by G, ac-—
celeration., Forty-eight centrifuge subjects were expcsed to ac-
celeration levels of +3 and +5 G; and were requested to point to
each of four targets located in front of the subjects and arranged
in quadrant form approximately 30° above and below shoulder height
and to the right and left of the midsaggital plane. The subjects
were instructed to make rapid ballistic reaches to the targets
under 1, 3, and 5 G; conditions and attempt to be as precise as
possible without dependence upon visual fixnation for minor final
corrections., Event timers monitored various phases of each reach.

Accuracy degrades as accleration level increases, which Can-
field attributes to an inadeguacy of normal kinesthetic cues under
increased acceleration. Reaction time, that time necessary to
start the reach upon command, increased and was attributed to an
increased "cogitation period" required by subjects to consider
changes necessary to preserve accuracy. Movement time, time to
reach, increased and was attributed to a failure of the subjects
to throw the arm with sufficient force to compensate for its
"increased" weight. We would not fault the latter two explan-
ations but would add that both could also be explained if pre-
sumably the subjects experienced the need for some type of re-
quired compensation and shifted to greater dependence on slower
proprioceptive controlled movements rather than ol direct exe-

cution.

Perhaps the most interesting findings are those pertaining to
magnitude and direction of error which we have illustrated in Fig-
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mean error at the tested acceleration levels.

The four targets are shown each containing four quad-
rants, The radial distance from the center of each target is the

The denoted posi-

tion within each quadrant of a target is not necessarily a point
gtruck by the subjects; rather it reflects a propensity to hit a
given quadrant. The method selected to graphically illustrate

this propensity is described in the caption accompanying tne fig-
ure. The flgure illustrates that two effects are operating simul-

taneously. First, there exists the expected downward shift,

termed "error of downward tendency" by Canfield.
strikes show a trend of moving inwards toward the c2nter of the

four targets taken collectively.

to "negative inertia error"

ever we prefer to call it "cross loading error”.

Secondly, the

Canfield attributes this shift
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Direction and error of reaching moments in
+Gz environments (from Canfield et al
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NOTE: POSITION WITHIN A QUADNANT IS ESTABLISHED 3% MEASURING
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Cross loading error reflects the type of error which occurs
when the hand falls short of its intended target because inguffi-
cient force was applied. Because the arm segments rotate about
elbow and shoulder joint, an increase in inertial weight of the
segments requires a complementary increase in force to extend the
arm. Shortages in force will result in shorter hand travel.
Canfield notes that both the error of downward tendency and cross
loading error reinforce one another in the top target, act normal
to one another in the side targets and oppose one another, with
cross loading error predominant, in the bottom target. This find-
ing suggests that a +G, inertial acceleration load is manifested
in a significant force disruption not only along the 2 axis but
also the fore-aft X axis and is supported by recent force capabil-
ity profiles developed by Kroemer, et. al., (140, 141). The logic
of the X axis force disruption is apparent if one considers the
arm, as we earlier suggested, as two serial mass segmer.ts. In the
partially or completely outstretched positicn +G; loads acting on
both masses will cause a moment to be experienced at the shoulder
joint with potentizl ddwnward droop of the cantilevered arm. The
downward rotation of the upper mass tends to foreshorten the reach
and reduce forward force capability. The likely ensuing upward
rotation of the forearm segment, executed in attempt to keep the
hand elevated, decreases the angle subtended by upper and lower
segments and further aggravates the situation,

In a 1975 study (141), Kroemer shows the effects of maximum
manual force capability under inertial acceleration load as a
function of hand position with respect to the body. The perturb-
ing acceleration was + G, and effects on lateral force capability
were minimal. The more relevant X and Z axis force capability ef-
fects have been replotted in Figure A.4,1-6.

The dotted line incorporated within the profiles is provided
only for clarity and definition of the asymmetry associated with
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Figure A.4.1~6 Maximal hand/arm forces in various +Gz
environments (from Xroemer (141)). ]
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directional force capabilities in the lg environment, Note that
+ G, produces definite effects on forward force capability but
markedly less significant effects on aft force capability.

This same symptom is borne out in the 2 axis force capability
assocliated with an overhead control wherein the same inertially
induced force, which works to the disadvantage of upwards force,
does not seem to be converted uniformly to an advantage in down-
wards force capability under like acceleration conditions. We
would advance the tentative explanation that in changing applied
force directions the subjects tend to alter the position of the
upper arm mass segment with respect to the shoulder joint such
that when pressing forward or pushing up, the upper mass segment
is located further forward of the shoulder joint than when pulling
down or backwards. Consequently its inertial load would more
adversely affect hand “orce capability. The slopes established
between maximum and minimum 2 axis forces for the panel control,
center stick, and overhead control locations compare favorably
with that which would be predicted for two articulated mass seg-
ments, each weighing five pounds, and each of equal length,
tunately, the aft force capability as applied to an aft stick
location does not seem predictable and therefore caution must be
exercised in attempting to apply a simplified analogy to various

arm positions.

‘The earlier discussion pertaining to extremity proprioception
concluded with a strong suspicion that externally applied arm
loads would be required to appropriately simulate inertial load-
ing. The studies of Canfield and Kroemer concerning the con-
straints resulting from inertial loading tend to support a load
application which would be deduced frc.i kinematic analysis. The
studies also emphasize the importance of ensuring that the scope
of load imposition includes loading the upper arm as well as the
forearm. Error of downward tendency can indeed be established by
torgue application at tha elbcw joint; cross loading errcor, reduc-
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tion in throw rate, and X axis force disruption must be aided by
loading the upper arm. Cohen's overreaching findings, if found
prevalent, suggests the possibility of employing some type of
transient loading profile but since this effect is introduced due
to a phenomenon external to extremity loading, and secondly, based
on the rapidity of load adaptation, we are unsure that significant _ 1
ongoing overreaching could be induced through transient arm loai- ‘
ina., The poin’ may warrant further experimentation. Although the ' 1
g literature concentrates primarily on G, effects, the fact that

; kinematic analysis tends to be supported by experimental findings
' in rhe case of + G, suggests that, in the absence of Gy and Gy

: data, prediction via kinematic analysis is a reasonable first ap-

proximation.

A.4.2 Head/Neck

[Pl . SRS

The literature indicates significant head and neck motion a3
a result of acceleration (74, 135, 142, 182). There are two as-
pects of head motion which are important to this study; the per-
ception of motion of the head and resistance of, head motion. The
inertial reaction of the head is resisted by the head/neck muscu- 3
lature, These muscles not only resist motion caused by external
forces but they also possess the sensors which detect external cis-
placement forces. The manner in which these muscle sensors func-
tion was described in Section A.4.1 of th.s report.

Ll Al

MUSCULAR CONSIDERATIONS ]

The muscles of primary interest here arc¢ illustrated in Fig- i
ure A.4.2-1, The sternocleidomastoideus (1) is attached to the y
skull in the mastoid area, runs down the neck and divides with the
larger portion attaching to the clavical and the smaller portion
to the sternum. This muscular structure exists as a right and -
left hand pair which operate antagonistically to cause the head to
rotate about the longitudinal, i.e., the posterioranterior axis of -
1
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Fiaure A.4.2-1 Neck muscles used to control head
rmotion (modified from Barcsay (10)).

the head. 1Tn addition, they act in conjunction to cause the head

to rotate forward.

The splenius capitis (2) and the trapezius (3) are located at
the rear of the neck with the trapezius superior ari attaching to

the shoulder. These two muscles are employed to pull the head

backward.

Both Gum (100) ead 3orah.et al (22) have modeled the head as
an invirted pendulum, They “ave both modeled only the rotation
about the longitidinal axis: however, the rotation about the

lateral axis may be modeled in the same way with differe:t physi-

cal parameters. The geometry of the system used in Gum's analysis

is shown in Figure A.4.2-2,
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Figure A,4.2:-2 Head/muscle system (from Gum (100N

Gum's work was modified by Borah et al and resulted in the
following model (Figure A.4.2-3).

Where:

In is the moment of inertia of the head about the neck pivot
= 0,034 kgm?

Mp is the mass of the head = 4,6 kg

r is the distance from the pivot to the center mass = 0,0498

g is the acceleration due to gravity
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’ @ is the displacement angle

£ is the damping ratio = 0.64

d is the muscle lever arm = 0.075 m

wp = 7.81 rad/sec

sf;nq 18 the specific force parallel to body axis

sfyhq 18 the lateral specific force

AFR is the muscle spindle afferent firing rate

sl i A
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Figure A.4.2-3 Lateral head/neck proprioceptor model

(from Borah et al (220,
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VESTIBULAR CONSIDERATIONS

In addition to the muscular sensors, information about head
attitude is provided by the vestibular apparatus. Detailed dis-
cussions of the vestibular system are presented in other refer-
ences (86, 100, 102, 116, 191), therefore only a summary will be
included here. The humanr labyrinth (inner ear) comprises the non-
auditory labyrinth or vestibular system and the cochlea. There is
one labyrinth located in the temporal bone within each ear. The
cochlea, is a part of the auditory system and will not be dis-
cussed further, herein. A non-auditory labyrinth is located in
the vestibule of each inner ear and hence the name vestibular sys-
tem, Within the vestibule there are two sets of motion sensors,
one linear (the otoliths), and one angular (the semi-circular
canals)., Figure A.4.2-4 is an illustration of the inner ear

labyrinth.

SEMICIRCULAR CANALS
SUPERIOR
POSTERIOR
LATERAL

AMPULLAE
SCARPA'S VIII CRANIAL

\ NERVE
@t | VESTIBULAR
/! NERVE
— ‘ COCHLEAR
UTRICLE _ _
MACULAE — - 'NERVE
SACCULE = =
COCHLEA——
Figure A.4.2-4 Inner ear labyrinth (from Gillies {81)).
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The semicircular canals occur as s#~nroximately orthogonal
triads su:h that each canal senses rota* on about each of the
three axes of the head. These axes are essentially parallel to
the vehicle body axis system when a crewman is seated erect and
facing forward. The sensing mechanism within the semicircular
canals is the cupula (Figure A.4.2-5), a valve-like protrusion in
the ampulla of each canal, The fluid of the semicircular canal,
endolymph, flows through the canal in response to movement of the
head, and deflects the cupula. The deflection of the cupula is
proportional to the velocity of the fluid flowing past it. There-
fore, the semicircular canals sense rotational velocity.

Otolithic membranes exist in both the utricle and the saccule
(Figure A.4.2-4). These maculae are somewhat orthogonal which
give rise to the hypothesis that they work together to provide
linear motion cues in the same manner as the semicircular canals.
Another hypothesis is that the saccule has a dual function, the
otclith bearing part responding to linear accelerations in the

AMPULLA

) <‘\\\\\\‘ CUPULA

SENSORY CELLS
UPPORTING

L__g
( CELLS

ENDOLYMPH

\“

AMPULLARY BRANCH OF
VESTIBULAR NERVE

Figure A.i.2-5 Semicircular canal cupula (from Gillies
(31)),

.
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same manner as the utricular otolith, while that part which is uot
invested with stratoconia (Figure A.4.2-6) is thought to be stimu-
lated by vibrations in a frequency of less than 10 Hz to 120 Hz,
The function of the saccule is assumed to not contribute to the
perception of linear motion and in fact the organ is considered
vestigial by some. Therefore linear motion is thought by some to
be sensed solely by the otolith of the utricle (100) which is
stimulated by linear acceleration. The acceleration deforms the
stratoconia thereby stimulating the sensory cells, Several
authors (22, 102, 191) take different views however and subscribe
to the theory that the otoliths of both the utricle and saccule
contribute to resolving the orientation ambiguity. Ormsby (191),
in his doctoral thesis, presents a model of the vestibular systenm
which is shown in Figure A.4.2-7. This model reflects some of the
latest thinking in this area and was employed by Borah, Young and
Curry (22) in their work.

STRATOCONIA

GELATINOUS
MEMBRANE

ENDOLYMPH

CELLS

MYELINATED NERVE
FIBRES

UTRICULAR BRANCH OF
VESTIBULAR NERVE

Figure A.4,2-6 Sensing stratoconia of the utricle (from
Gillies (81)).
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‘- FTigure A.4.2-7 Ormsby model of the vestibular system (from E
Borah et al (22)), 2
p- i— H
' 1
i. JOINT RECEPTORS 1
I X
{, Joint receptors are another set of sensors which may add to }
the ability to perceive head/neck motion. (The possible contri- A
{_ bution of the joint receptors to the perception of motion was dis- 3

cussed in Section A.4.1l.)

HEAD/NECK MOTION

Data have been found for head/neck motion in response to G,

{ acceleration (135, 142) and Gy (74). Kroemer and Kennedy (135,
142) report on head motion in three degrees-of-freedom (pitch, i
, roll, and yaw). Pitch seems to be the most significant in terms 4
| of excursion. The data show a considerable variability in head '

pitch among the various subjects. There is a trend illustrated
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for head pitch to overshoot the lg position upon return. Head

movement seems to be independent of helmet weight. The data show

that there is no significant rolling or yawing of the head due to

G, but an average 2° pitch down of the head at 6 G;. This motion

is shown to be linear from 1.0 to 6.0 Gz. It was found by Kroemer »
and Kennedy that the eye point was depressed 50 mm under 6 G,:; 1/6
of this was due to head pitch, the remainder neck/torso compres-—
sion. This motion was also found to be linear from 1.0 to 6.0 G,.

l¢ is interesting to note that thesa data support the posi-
tion proportional to arceleration concept employed in some G-seats
as well as the excursion range of these devices., The 40 oz vari-
ation in helmet weight has no effect on neck/torso compression, :
Figure A.4.2-8 presents the head rotations for all helmet loadings i
averaged and Figure A.4.2-9 shows the linear depression of the

left pupil.

Work done by Frisch et al (74) for -G, impact accelerations

up to approximately 20 Gy show substantial head rotation. The i
value of these data is somewhat doubtful in this application since
the range of accelerations is far beyond what can be expected in a
maneuvering aircraft and secondly, because the data is a result of
! impact. These data show virtually no head movement up to 10 Gy. i
i

1

s

E SUMMARY

It has been shown that head motion is resisted by, and ef- ;
% fected by the neck musculature. In addition, head orientation is
3 sensed by .the muscle receptors, the vestibular system, and pos-
sibly the joint receptors. Data has been presented to illustrate
the amount of head motion associated with accelerations up to 6

Gz. ot .;
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A.4.2,1 Helmet vs. Head Motion

Kroemer and Kennedy (135, 142) present data which illustrates
a significant amount of relative motion between the helmet and
head can be expected under +G, conditions. Figure A.4.2.1-1
presents the relative vitch between head and helmet as a function
of G, and Figure A.4.2.1-2 presents the linear displacement verti-

cally of the helmet relative to the left pupil.
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A,5 Auditory Effects

A.S5.1 Auditory Perception Under High G

The literature is rather limited in its treatment of auditory
perception under high G. There seem %0 be two auditory character-
istics of high G flight which have been addressed. Coburn (42)
states that there is some evidence of diminution of auditory
acuity at high +G, levels. However, the level at which this oc-
curs is so close to the level at which consciousness is lost that
the two points are nearly identical and are treated as such.
Gillingham and Krutz (86), while not commenting on Coburn's obser-
vation of diminished acuity, concur in that hearing is the last
available sensory modality, but since it occurs so close to loss
of . ,nsciousness they do not recommend it as an end point.

The second auditory characteristic discussed in the litera-
ture stems from the work of Canfield et. al. (36) in 1949. Can-
field reports that reaction times to both sound and light were in-
creased under conditions of increased positive acceleration. He
further concludes that "the difference in reaction to light and
soun.:. ‘rve to substantiate the well established conclusion that
reacti. ‘s to sound are more rapid than those to light in the mid
to high range of intensity." Table A.5.1-1 jillustrates their
findings.

‘le A,5.1-1 ggggf and sound reaction times as a function
G Light Sound
1 0.2458 sec 0.2012 sec
3 0.2578 sec 0.2122 sec
5 0.2654 sec 0.2262 sec
A-103
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According ‘n Canfield, these increases in time may be due to
either reduced sensory efficiency or a decreased central nervous
system efficiency or both. Little et al (160) have produced the
same results, as Canfield, in reaction time. However, they state
that there exists no change in auditory function per se and that
the increased reaction time may be due, at least in part, to re-
duced motor performance. Fraser (71) in reviewing this topic
points out that Franks et al in 1945 deny the findings of Canfield
relative to increase in reaction time to auditory stimuli. Duane
(62) also comments on the auditory phenomena. He states that a
subject who has blacked out can't see ambient light but can cere-
brate and respond to auditory, tactile and other sensory stimuli.

a.5.2 Auditory Stimulus Composition Change

It was considered that perhaps high performance aircraft
might exhibit acoustic signatures characteristic of the accelera-
tory forces on the airframe. Pilots were questioned on this point
and there did not appear to be agreement. During the UPT/IFS pro-
gram, audio recordings were made on-board a T38 aircraft during
high G maneuvers. During the course of this study these tapes
were analyzed and no evidence was found to support the aforemen-
tioned hypothesis. Further, no data was found in the literature
which even alluded to this phenomenon. Since there is no quanti-
tative evidence of maneuver specific auditory cues to support the
structural noise hypothesis, it is the conclusion of this study
that no useful training value can be derived in this area and
therefore, further investigation of this type is not warranted,
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} A,.6 Tactile

A.6.1 Tactile Sensation in Ischial Tuberosity, Snoulder Harness
and Face Mask Regions

! The sense of touch and pressure is extremely sensitive and is
E accorded high priority in the perceptual process. In discussing 1
tactile effects under the inertial load of a multi-G acceleration
E: environment we are concerned with assessing the importance of
three cffects which can be generated by the six types of uniquely
;f : identified touch/pressure receptors:

a) Perception and magnitude discrimination of large field
flesh pressure, such as that which would occur in the
. ' buttock region under +G, or the lap belt/shoulder har-
- ness region under -G,. i

;g . b) Perception of light contact of the skin with fo_.eign j
f% ‘- objects providing an appreciation of the magnitude of j
é% inertial load by estimation of body tissue deformation 5
fi ‘. in those areas restrained by the foreign objects. This é

i proximity type perception yields an estimation of the 5

area of flesh/foreign body contact and varies as a func—-
tion of flesh deformation. An example of this would be
a perception of "sinking" into a seat.

c) Whevreas the above two effects ar: generated by forces
normal to the flesh, the third is a perception of the
magnitude of skin tension and/or outright scrubbing in-

e Al

duced in those areas restrained by, or supporting, a
foreign body and is generated by force components lying
in the plane of the flesh at the point of foreign body
contact. An example of this would be a sensation of
tension and scrubbing in the spinal area caused by "sink-
ing" in the seat as experienced under high G maneuvers.

N 4 -

A-105

+ e — - e T n e ——— v gk

L U PSR IIIN. % W VHF - LY IO NS SN o




Guyton (102) offers an informative concise description of the
receptors employed in these somatic sensations and Borah et, al,
(22) has compiled data anatomically describing the receptors, in-
troducing sensitivity levels, and continuing the modeling work
; pertaining to a) above started by Gum (100). Very little infor-
d mation is available concerning the mechanization of the skin ten-
' sion or scrubbing sensation. A recently published symposium pro-
ceedings (277) summarizes a good deal of the quantitative data
concerning the neurophysiological and perceptual thresholds, sen-
sitivity, and dynamic response for each of the types uf velocity/ :
displacement/pressure sense organs in the skin.

Except for the temperatura/pressure relationship investigated
in Section A.6.2 we have directed our investigation toward informa- {
tion pertaining to the inertial acceleration induced compousite per- j
ceptions represented by a, b and ¢ above rather than at the recep-
tor level., G-seat simulation systems already approach artificial i
variation of the above perceptions in the primary areas of pilot/
seat inertial coupling. Therefore we planned to confine our pri-
mary interest to regions Gf the body not specifically actively ad-
dressed by the G-seat such as tactile stimuli arising in the areas i
of the face mask, undersurface of the forearms, shoulder harness

and soies of the feet,

Such restrictiveness proved to be unnecessary for the liter- .
ature search produced very little data pertaining to inertial
acceleration induced tactile stimulation in any region of the ; {
body. Within the articles reporting on acceleration induced
physiological effects reviewed by the authors, none involved k
studies or centrifuge experiments aimed specifically at wide field
tactile perception, although some of the basic research did trace

v
i bt { i

st et

out the spatial receptive fields of the senses over a few centi- .
meters (277). Nor 4d4id we find many informative comments, in simi- i i
lar studies investigating other physiological systems, that could .4
be related to the tactile system. One exception is shown in the r ;
i
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{ photographs of Figures A.6.1-]1 and A.6.1-2 §ictur1ng the effects
of high Gy on a pilots face, helmet and face mask. The signi-
ficant amount of face mask slippage evident at 7.5 G; would sug-
gest strong tactile gtimuli at those points where the face mask

contacts the facial skin.

Wwe suspect the paucity of data in the area probably stems
from a feeling of obviousness: tactile sensations become more in-
% tense and encompassing as acceleration levels increase but, in
themselves, 40 not form a physiological endpoint of resistance to
i acceleration effects and are therefore not of major interest to

' researchers of acceleration stress. Unfortunately this adversly
impacts the availability of data pertaining to the importance of
i- tactile stimuli in the piloting task. Consequently it would seenm
that if tactile gtimulation is to be provided in areas not direct-
ly addressed by the G-seat, it must be‘justified on the assumption
that such stimuli are important until proved otherwise.

ey

LB ity o il

M by Dbt

b i

Figure A.6.1-1 Pilot's face at +4.5 Gz. Very slight facial
distortion (from Leverett & Burton (184))
(courteay of Advisory Group for Aerospace
Resaarch and Development).
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Figure A.6.1-2 Pilot's face at +7.5 Gz. Severe facial
distortion and oxygen mask slippage
(from Leverett & Burton (184)) (courtesy
of Advisory Group for Aerospace Research
and Development).

A.6.2 Temperature/Pressure Relationships

Personal experience indicates that a sensory relationship may
exist between pressure and temperature perceptions. Obviously,
that is not to say one is entirely migstaken for the other. Rather
it seems to suggest a type of allied perception that, when a per-
ception of deep tissue pressure is clearly present, a vague sensa-
tion of elevated temperature is not unexpected, Because serious
constraints and limitations exist in generating credible pressure
stimuli in the unaccelerated 1lg environment, sensory system char-
acteristics which might be exploited to reinforce and enhance the
pressure sensation should be pursued.

Before proceedigg._the obvious should be noted. The mere
physical act of épplying a large surface area stimulus to ‘“he
flesh is likely ﬁd"alter the skin temperature. The temperature of
the pressure source and. the adjacent skin will tend toward equi-
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L librium and eventually, the pressure source may act as an insu-
lator., Ordinarily, the largest magnitude bodily heat lors is by

. conduction/convection to the clothes and then by radiation to tha
environment. The proximity of the insulator would then reflect
this radiation back to the hody thereby depriving the area of heat
loss with resultant temperature build-up toward internal body temp-
erature levels. Thus, initial concurrent perception of pressure
and temperature sensations could be explained by the thermodynam-
ics of the physical configuration. However, we suspect an ongoing
pressure/temperature relationship active beyond this initial trans-
ient period such that further changes in pressure are accompanied
by either variations in the intensity of perceived temperature or
variations in perceived temperature level,

Our approach has been to assume that if a temperature/pres-
sure sensory relationship exists, an investigation of the skin
thermoreceptors and their innervation might reveal parallel or

s causal interdependancies when compared to the pressure receptors
i and their innervation. We have examined two possibilities.

; i' RECEPTOR CONFUSION
I. Like the pressure receptors, thermoreceptors are distributed

thrcughout the skin in puntate form intermixed with the pressure
receptors. Thermoreceptors are innervated by small size fibers as
are the pressure receptors serving the coarser sensations of out-
i right, non-specifically localized pressure. Loewenstein (163) in-
| dicatas that the Pacinian corpuscle employed in deep tissue pres-
} sure perception is indeed sensitive to temperature as well as
pressure changes which is supported by the data in Figure A.6,2~1
from Inman and Peruzzi (123). Mueller (178) states "there are
fibers of small diameter that are known to respond to either touch
os rtemuecsature", These fibers are of the A (§) class and extend
to ditfarunt locations of the central nervous system. Woodson,
et, al., (267) indicate that any strong stimulus applied to a speci-

e b
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Fiaure A.6.2-1 Changes 1n nerve impulse amplitude
as a function of temperature (from
Inman & Peruzzi (123)).

fic recep*or will excite that receptor and if the area stimulation
is large enough may arouse sensations other than that character-
ized by the nature of the stimulus. At this point we cculd con-
clude that, although it may not be a prime order effect, there is
basis to believe that temperature change could be perceived as
augmenting an existing pressure change, an important consideration
in high G sinulation. The reverse condition of pressure influenc-
ing temperature sensation does not readily follow; it depends on
the destination of the A (§) fiber activity. Although the data of
Inman and Peruzzi tend to suggest a direct correspondence between
pressure sensation and temperature, Zotterman (277) presents some
evidence suggesting the inverse relationship that cold stimulation
may heighten pressure sensation. The,polarity of the relationship
obviously warrants further experimentation.

The neurological paths of both the small fiber pressure re-

ceptors and the thermoreceptors follow similar routes in entering
the dorsal column, Here they split and rise on separate paths of
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the spinothalamic track and terminate at different points within
the thalamus (102), This type of separation would suggest that
neurological internmixing of afferents in the path to the brain is
unlikely. If both pressure and thermoreceptor fibers are active
under common stimulus, it would seem to occur at the receptor
rather than in transport.

Excision demonstrates that thermoreceptor and pressure recep-
? tor afferents project to different locations in a common portion
{ !_ of the cerebral cortex. Specific and unique modality of sensa-
' . tions are associated with these locations and appear to be inde-
1 pendent of the nature of the stimulus exciting activity within the
" fiber servicing the location. Therefore an electrical stimulus
i j exciting a fiber leading to a location responsible for touch sen-
E sation produces the perception of touch. Likewise it is assumed
) that should a fiber leading to a temperature sensation area be
. excited by pressure as Mueller and Woodson suggest is possible,
then a temperature perception would ensue,

VASOCONSTRICTION AND DILATION

Proceeding on the premise that stimuli producing like bodily
reactions might be interpreted as associative or affiliated, the
process of vascular constriction and dilation was examined in the
context of response to pressure and temperature stimuli. The
body's internal temperature regulatory mechanism makes use of the
blood circulatory system as a heat transport and radiator system.
Vasoconstriction in the circulatory system occurs to conserve in-
ternal body heat and vasodilation to dissipate tnis heat, Con-
striction and dilation can occur on a local level based on the
thermoreceptor cordal reflex arc wherein thermoreceptor afferents
travel to the spinal cord and then immediately back to the initi-
ating area with blood flow alteration commands (102). At a higher
central nervous system level, similar thermoreceptor afferents
travel to the hypothalamus to be compared with the "hypothalamic
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set point" governing internal body temperature. The arc is com-
pleted by hypothalamus/vasomotor communication and peripheral
sympathetic fibers which innervate the arteries and arteriocles.
Efferents initiated by the vasomotor pathways alter the vasoccn-
, strictor tone and arterioles throughout the body and magnify - he
= signals in the region of cordal veflex activity.

Pressure applied to the flesh can also cause localized vaso- ]
dilation should the pressure tend to constrict or temporarily col- !
lapse the capillary beds preventing adequate blood flow through
the area. However, on a localized level, there appears to be no
afferent path for signals requesting dilation., The capillary beds
are sensitive to the oxygen level present., The tone of precapil-
lary sphincters controlling blood flow through the beds is also
sensitive to oxygen levels (102: and should locally applied pres- 5
sure restrict oxyyenation, the sphincters will automatically di-
late,

1 ey
s i

SRR o ST

It is unlikely that the pressure application will cause a
systematic blood pressure change of sufficient magnitude to affect
the reflex arc through the baroreceptors and peripheral sympathe-
tic nerves controlling arteriole vasoconstricter tone. Thus it
would appear that although temperature induced constriction or
dilation employs a neurological reflex arc, such is not the case : :
in locally applied skin pressure induced dilation. Further it j ﬁ
seems two separate classes of elements are employed in the con-
striction/dilation process. Pressure induced dilation is appar- i ,
ently dependent upon the precapillary sphincter whereas temper- ) lé
ature induced constriction/dilation affects the arterioles. ‘; i

In summary, although a form of vasoconstriction/dilation oc- -
curs due +o both locally applied temperature and pressure stimuli, -
parallelism sufficient to support a premise of allied sensation .
does not appear to exist. There seems to be basis at the receptor N
level for pressure/temperature sensory affiliation. Perhaps more

|
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important for the formulation of high G cuing devices is the ap-
parent justification for considering temperature as a means to
enhance or strengthen pressure sensation,

A7 Respiration

; When considering the effects of acceleration on human physio-
i b logical systems, the respiratory influences are normally ranked
: as second in importance only to the cardiovascular responses and

f their associated visual phenomena, 1In fact, the division of the
cardiopulmonary effects into two groups, though traditional, is

i_ somewhat arbitrary, since the failure to supply a continuous flow
of fully oxygenated blcod to the brain, if not to the retina, de-

; pends upon both systems. There have been several excellent exten-

sive reviews of the effects of acceleration upon respiration.

Gillies (8l1) and Fraser (71) both deal extensively with accel-

eration influence upon breathing and gas exchange in the broader

context of acceleration physiology. Glaister's 1970 AGARDograph
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§ ~ on the effects of acceleration on the lung is perhaps the most

E 5 complete recent review of the entire field and includes contri- !
E %. butions by several other experts (90). The reader is referred to §

. these reviews for a more comprehensive treatment of the subject
§ than can be accomplished in these pages.

3 The principle effects of acceleration on respiration are i
quickly summarized, although an appreciation for thelr basis re- :
quires some understanding of lung mechanics. For +G; the results
are much less dramatic than the cardiovascular ones, and entail

an increase in the work of breathing and decreased oxygen trans-
port as a result of pulmonary shunting associated with pocling of
blood in the lower regions of the pulmonary circulation and fill-
ing of the upper parts of the lung with air. The respiratory re-
actions are most noticeable for forward acceleration (+Gy) where
breathing difficulties come into play long before any cardiovascu-
lar problems become evident. The difficulty of expanding the
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chest against the inertial load is reflected in shallow breathing
and combines with a significant increase in the effective dead
space of breathing and a major mismatch between ventilation and

perfusion in the lung regions to make gas exchange inefficient

; and to produce hypoxia even with inspired pure 05, With the

3 trend toward use of cockpit seats with significant tilt back

angles and airplanes capable of high G maneuvers, consideration

of the respiratory effects of +G, stress is timely and investi- | 1
gation of cuing techniques for the simulator is appropriate.

a.7.1 Respiraticn in the Unaccelerated Environment

T Y

Respiration in the unaccelerated environment entails the ex-
change of gas between air in the lungs and blood in the pulmonary ]
circulation. Before proceeding to a discussion of the effects of

acceleration on respiration, we will review some of the basic as-

pects of the mechanics of breathing and lung perfusion in a lg
field. Each of these has an influence on the oxygenation of

[T ... PRI

blood and the elimination of carbon dioxide.

A.7.1.1 Ventilation

The basic mechanisms of inspiration and expiration of air

FIRTEY iad . o e,

are, of course, the result of muscular effort to lower the dia- B
phragm and expand the thorax forward, thereby creating negative . P
pressures in the intrapleural space between chest and the lungs.
This causes air at ambient pressure to be sucked down the airways
and inflate the lungs. The pleural pressure is not constant, but
increases with depth, following a similar hydrostatic pressure
drop to that discussed in the cardiovascular section. For a

st

seated man in a 1g field, for example, there is a pressure grad- |
ient from the apex toward the basalar end of 7.5 centimeters of
water related to the weight of the lung. This pressure differ-
ence is of the order of 7.5 centimeters H,0 as illustrated in
Figure A.7-1 where the average pleural pressure at the beginning
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Figure A.7~-1 Effect of pleural pressure gradient on the .

volume distribution >f gas within the lung. =

The pressure is assumed to increase at a
constant rate of 0.25 cm water/cm vertical
distance. The elastic properties, as shown
by the S-shaped static volume~-pressure
curves in the lower part of each panel, are
assumed to be uniform throughout the lung.
Values of pleural pressure at the apex and k
base existing at three lung volumes (RV, F
FRC, and TLC) are shown in the upper part i
of each panel. In C, at full inspiration )
(TLC), all iung regions are expanded vir-
tually unifcrmly, in spite of the pleural
pressure differences down the lung. On

the contrary at RV and FRC (A and B,
respectively), the pleural pressure grad-

ient causes the upper lung regions to have

a greater volume than the lower zones.

from Glaister (90)) (courtesy of Advisory
Group for Aerospace Research and Development).
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of inspiration is approximately that of the ambient air. Because
of the gradient in pleural pressure, as well as the elastic prop-
erties of the lung, as the chest is expanded and the diaphragm
lowered during inspiration the lungs £ill unequally, with the
apex tending to £fill toward its maximum volume before the base,
rising along the lower line of the pressure-volume loop.

At full inspiration, with transpulmonary pressure on the
order of 40 centimeters of water, all of the lung is nearly uni-
formly expanded reflecting the relatively flat pressure-volume
curve near full inspiration to assure equal filling and reduce
regional differences. For less than full inspiration, as will be
discussed further under gravitational effects, it is seen that
the °a2pendent (lower) areas of the lung are significantly less
filled on inspiration. Figure A.7-1 also illustrates schemati-
cally the major elastic and resistance elements affecting ven-
tilation impedance. The S-shaped curves representing lung elas-
ticity are assumed to be representative of all regions of the
lung. The difference between the pressure at constant volume for
inspiration and expiration represents primarily airway resis-
tance.

At the end of each maximum inspiration, of course, not all
of the inspired air comes into contact with the blood in the
alveoli for gas exchange, nor is all air expired from the lung
during exhalation, The essential definitions of respiratory
mechanics which are important in the consideration of gravita-
tional effects on respiration are illustrated in Figure A,7-2
along with the regional subdivisions of lung volumes for seated
men in a 1g field., Total lung capacity (TLC) refers to the total
amount of air contained in the lung following a maximal inhala-
tion., For the later discussion of acceleration effects, it will
be important to refer to the various subdivisions or regions of
the lung. The data of the figure shows the various subvolumes
within each lung region as a percentage of the total lung capac-
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Pigure A.7-2 Regional subdivisions of lung volume in
seated men. Filled ard open circles re-
present average results obtaired on eight
healthy young subjects at RV and FRC, re-
spectively. Bars indicate 2 SE. RV =
regional residual volume; IC = regional
inspiratory capacity;ERV = regional expir-
atory reserve volume; Vcr = regional vital
capacity (from Glaister “(90)) (courtesy of
Advisory Group for Aerospace Research and
Development).
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ity in that region (TLC). Beginning the definitions with a fully
deflated lung region (never found normally), the first voluma is
the residual volume of that region (RVy) and represents the air
remaining in the luing region following a maximal forced exhala-
tion, This represents '’ condition wherein pleural pressure is
above airway preisure, 0 that the local airways collapse, trap-
ping this amount of air behind. Notice that, for the seated man,
RV, is nearly constant for the lower half of the lung, indicating
that the lower lung is at "aimal volume at the end of exhala- i
tion., For the upper hal: of the lung, however, where pleural j
pres3ures are less because of hydrostatic effects discussed ear- :

T el L it
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lier, \‘he airways are not closed and the lung region is not
driven all the way to its minimum at the end of a normal, maximum
exhalation, The next subdivision is the expiratory resarve vol-
ume (ERV), which is the volume between RV, and the lung volume at
the end of a normal, relaxed exhalation. As the name implies,
ERV is the reserve volume that can be forced out by a forced exha-
lation beyond the normal expiratory end point., The sum of ERV
and RV, is the volume of air remaining in the lung at the end of
normal exhalation, and is referred to as the functional reserve
capacity, (FRC)., Notice that FRC is much less for the dependent
(lower) regions than for the upper parts.

The next volume defined is the tidal volume (T), which is
the volume of air normally inhaled and exhaled during each
breath. When the lungs are maximally expanded by a deep breath,
reaching TLC, the additional air inhaled beyond the tidal volume
is the inspiratory reserve (IR). The sum of T and IR, repre-
senting the total volume of air that can be inspired beginning at
the end of a normal exhalation, ERV, is referred as the inspira-
tory capacity (IC), anéd also increased with distance from the
apex., Finally, the sum of IC and ERV is known as the vital capa-
city (VC) and is tke volume of air that can be drawn in during a
maximum inhalation following a maximum forced exhalation., Not
all of the air that is inhaled on each breath takes part in gas
exchange, however, since some never reaches the alveoli. This
volume is the anatomical dead-space, and is also acceleration
dependent. It is interesting to note that in a normal lg fleldq,
ventilation of the lung is greater in the dependent (lower)
zones, independent of breathing depth or rate., Thus the normal
regional distribution of ventilation is matched to the regional
perfusion of blood in the pulmonary circulation which, as will be
discussed below, also is greatest in the dependent part of the
lung. Consequently, in a 1g field the air and blood distribu-
tions are arranged to make gas exchange more efficient than it
would be if the lung were uniformly ventilated. This matching,
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reflected in the ventilation/perfusion ratio, will be shown to be
significantly disturbed by linear acceleration. The minute vol-
ume is the amount of air inspired per minute, and is the product
of respiraticn rate and average tidal volume, Finally, we will

be concerned witih the mechanical parameters of respiration, es-
pecially luny compliance and airway resistance.

a.7.1.2 Perfusion

i 2 simple picture of pulionary circulation is that it carries
venous blood from the right ventricle to the capillaries in the
lung, vhere it exchanges gas with air in the alveolar sacs and
returns in the pulmonary veins to the left atrium, carrying oxy-

ottt b

gen in the form of oxyhemoglobin and having been purged of most

e 2 S

COy. 1In fact, even in the normal upright lung at 1lg, the local
distribution of blood throughout the lung (regional perfusion) is v
nothing like uniform but increases markedly from top to bottem, ]
This distribution of perfusion has led to lung perfusion models
entailing originally 3 separate zones (Permutt et, al. (196),

Banister and Torrance (9) and more recently 4 zones (West (257))
divided functionally according to the pressure relationships

et

e, Bt 4l

among pulmonary arterial, alveolar air, and pulmonary venous
pragssures. The three zone model is illustrated in Figure A.7-3,
At the upper position of the lung for the upright man, where the
air pressure in the alveolus (Pp) exceeds the pulmonary arterial
pressure {P5), the collapsible blood vessels are squeezed closed,

with no blood and only a few trapped blood cells. Further down b
the lung the arterial and venous blood pressures drop relative to |
the air pressure in the alveoli because of the hydrostatic pres-

U £ WP

sure head on the blcod column, and the top of zone 2 is deter-
mined where P, excr:eds Pp. In this region the resistance to
blood flow is controlled indirectly by alveolar pressure on the
limp vessel, but the dominant factor is the Pa-P, pressure 4rop
along the vessel which accelerates blood through into the veins
in what is known as the "vascular waterfall", As the perfusing

a-119

T - -
P . L, kbbbt s P




ot s

ALVEOLAR

Pa. N
PQ ,[_- ..... ._./\C PQ

ARTERIAL  VENOUS

—

ZONE 3

BLOOL FLOW
) —l

> R™Pa

Figure A.7-3

Diagram to show the eZfects of pulmonary ar-
terial, alveolar and venous pressures on the
topographical distribution of blood flow in
the lung. The lung is divided into three
zones by the relative magnitudes of the
three pressures. In zone 1, arterial
pressure is less than alveolas pressure and
there is no flow, presumably because coll-

and flow is proportional to the difference
between arterial pressure (which is in-
creasingy down the lung) and alveolar pressure
(which is constant). In zone 3, venous

- pressure exceeds alveolar pressure and

flow is determined by the arteriovenous
difference. Flow increases down this zone
because the transmural pressure of the

vessels increases so that the vessels have
a larger calibre. (from Glaister (go)
(courtesy of Advisory Group for Aerospace
Research and Development).

apsible vessels are directly exposed to
alveolar pr.ussure. In zone 2, arterial
pressure exceeds alveolar, but alveolar
pressure exceeds venous pressure. Here
the vessels behave like Starling resistors

pressure (P,) is increased in zone 2, the vascular resistance is
decreased, both by dilating the vessels already open, and by open-
ing up of additional parallel channels,

Proceeding further down the lung to region 3, where both the
arterial and venous pressure exceeds the alveolar pressure, the
vessels remain fully expanded, with a large cross—-section, and
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the flow is determined only by the arterial-venous pressure Jlrop.
This is the major highly perfused dependent region of the lung,
and matches the increase in ventilation toward the base referred
to earlier. Finally, toward the very bottom of the lung there
has been identified yet a fourth region termed the zone of inter-
stitial pressure by West (257), in which blood flow and vessel
size are once again reduced. The explanation for this reduction
in flow, despite the increase in hydrostatic pressure, is that
the failure of the lurg to fully expand in the furthest dependent
zones leaves the elastic forces in the extra-alveolar vessels,
and the muscle around these vessels, ‘'free to partially constrict
the vessels except at maximum lung filling., This fourth zone and
the distribution of blood flow from apex to base for the erect lg
case is shown in Figure A.7-4,

Distance
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Figure A.7-4 How the three zone diagram of figure 3.7-3
can be modified to take account of the
reduction of blood flow of the most de-
pendent zone of the lung as a result of a
raised interstitial pressure. The first

. three zones correspond to those featured
in Figure 3.7-3, and to these has been
added a fourth zone where the vascular
resistance of the extra-alveolar vessels
becomes significant because of a rise in
interstitial pressure. This occurs in the
normal lung at volumes bhelow total lung
capacity because of the relatively poor
expansion of lung parenchyma in dependent
zones, (from Glaister (90)) (courtesy of
Advisory Group for Aerospace Research
and Development).
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Aa,7.1.3 Ventilation-Perfusion Ratio and Gas Exchange in the
Lung at 1G

The preceding sections indicated that both the regional dis-
tribution of ventilation and that of blood perfusicn to the lung
were gravity dependent. In a lg field they are reasonably match-
ed, so that a greater blood flow appears in the dependent portion
of the lung where “he ventilation is greatest and the opportuni-
ties for gas exchange are maximized. The parameter used to des-
cribe the role of gas and blood flow in a region is the "ventila-
tion-perfusion ratio". For a total lung in a 1g field, this
might have an absolute ratio of approximately 0.85, corresponding
to alveolar ventilation of 5.1 liters per minute and pulmonary
blood flow of 6 liters per minute (Glaister 90). The regional
ventilation-perfusion ratios are given in terms of their value
relative to the total lung ratio (Vp/Q). For an ideal lung with
optimal gas exchange, the regional ventilation-perfusion ratio
should be approximately 1 throughout the lung so that the air in
every alveolus has the opportunity to participate in gas exchange
with blood flowing around it. Even in the lg field this situa-
tion is not meant precisely, since at the apex of the lung there
is insufficient blood supply tc participate in gas exchange.

The distribution of regional relative ventilation-perfusion
ratios with distance down the lung for a subject erect in a lg
field and at 2 and 3 G, is shown in Figure A.7-5 where it is seen
that ratios of approximately 1 exist only in the lower 15 centi-
meters of the lung even at lg, The result of wide variations in
this ratio is a disruption of the gas exchange process by either
of two mechanisms as illustrated in Figure A.,7-6. As seen on the
left, when the ventilation-perfusion ratio goes to infinity,
there is no gas exchange despite ample ventilation of the alve-
olus by air or even 100% oxygen. This situation is likely to oc-
cur principally because of acceleration effects on the pulmonary
circulation, pooling blood in the lower portions of the lung.
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Figure A.7-5 The effect of positive acceleration on the

variation in ventilation - perfusion ratio
(Vn/Q) down the lung. The +1 to +3 G
values were ohtained by radioisotope
scanning after inhalation and intrevenous
injaction of X and the zero G values
by extrapolation 8¢ this data. Values
given are relative, the V,/Q of the whole
lung being taken us 1.0 (frcm Glaister (90)
(courtesy of Advisory Group for Aerospace
Researcn and Developmant),
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Figure A,.7-6 Extremes of ventilation-perfusion ratio

(Vy/Q) ineguality as exhibited by a ventil-
ated but unperfused alveolus (a) and

by a perfused but unventilated alveolus (¢},
compared with an alveolus having normal
ventilation and perfusion (b). Directions
in which gas exchange takes place, and

the alveolar gas contents which result,

are indicated for each situation. (from
Glaiater (80)) (courtesy of Advisory Group
for Aerospace Research and Development).
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The other extreme, seen at the right side of Figure A.7-6,
is where the ventilation-perfusion ratio is reduced to zero
either because of trapped air in the airways which cannot be ex-
changed on each breath due to insufficient pressure to open the
airways, or to actual collapse of the alveolar sacs, a condition
known as atelectasis. For the former condition, of trapped gas,
the breathing of 100 percent oxygen slows the decrease in arter-
ial blood saturaticn and gas exchange continues to take place
from the trapped oxygen in the alveoli. Carbon dioxide level
continues to rise, FrFor the latter condition, of atelectasis,
surface tension tends to keep the sacs closed once they have been
relaxed, until they are forced open by maximum inspiration or
cough, It is easily seen that the functioning lung requires an
adequate total blood supply which is properly distributed to
match the regional ventilation. As might be expected, important
effects of interference with respiration because of acceleration
are seen in ability of the lungs to oxygenate blood.

The regions of the lung with very high ventilation-perfusion
ratics eflectively detract from the total useful lung area. How-
ever, because of the characteristics of the oxyhemoglobin disso-
ciation curve, close to 100% oxygen saturation of blood can be
maintained even thcuagh the partial pressure of oxygen in the
blood drops considerably. This effect is largely compensated for
unless the interference is massive or the inspired air has insuf-
ficient oxygen. At the other extreme, of zero ventilation-per-
fusion ratio, the effect is much more serious, since blood now
passes directly from the arterial to the venous side of the pul-
monary circulation withoucv c¢hanging its gas content, and there-
fore drops the overall oxygen saturation of artuzrial blood with
resulting hypoxia. There are of course other well known ways of B

producing hypoxia by manipulating the total air pressure or par- -l

tial pressure of oxygen in the inspired air and these will be -
discussed under simulation mechanisms below.
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e A,7.1.4 Control of Respiration and Work of Breathing

The two obvious parameters under control of respiration, for
delivery of the required minute volume of air, are tidal volume
and respiration rate. Since the muscular activity involved in
breathing itself entails additional oxygen need, it is obvious
then for any total minute volume required, there is an optimum
combination of respiration rate and depth. For example, whereas
the resting human might have a breathing frequency of 15 to 20
per minute and an alveolar ventilation of 10 liters per minute,
when subject exercises sufficient to raisc¢ the ventilation rate
to 25 liters per minute, the optimum breathing rate increases by
a factor of 2 and with it the total work of breathing goes up by
approximately 40%, Most of this work of breathing is involved in
expanding the chest during inspiration, with the assumption that ;
. exhalation is a passive relaxation process. As will be discussed

below, the additional work of breathing entailed by the need to t
counter opposing forces on the chest at higher accelerations
plays a considerable role in additional oxygen costs which fur- f
ther increase the required minute volunme.

ol it

L IR s e

The neural signals involved in control of respiration rate
and depth comes from several sources., The primary chemoreceptor
sensors detect the carbon dioxide levels in the blood (rather .
than oxygen levels) and call for increased respiration depth and 4
frequency when the CO, levels increase above their setpoints for c
arterial blood. However, arterial hypoxemia does have an effect ?
in increasing minute volume as does any drop in arterial pressure |
as detected bv baroreceptors. Respiration is inhibited by stimu- i;
lation of the vagal nerve from any of a number of sources includ-
ing overstretching of the lung, and acts against the maintenance
of deep breathing. The role of each of these factors on accel- i
eration effects on respiration rates will be discussed below. é

The influence of partial pressure of oxygen in the amiient
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air on the ability of the lungs to oxygenate blood in a normal 1lg
field is well known from altitude studies. Because of the effi-
cient transport of oxygen by oxyhemoglobin, the partial pressure
of oxygen in the inspired air can be dropped from its normal one
atmosphere level of approximately 150 mm of mercury to much lower
values before any significant reduction in arterial oxygen satu-
5 ration appears. However, with inspired air partial pressures

i down to approximately 70 mm of mercury (corresponding to an alti-
E’ tude of 18000 ft), the oxygen saturation has fallen to 75% and

: definite signs of hypoxia appear (8l). It must be remembered
that the critical element is the partial pressure of oxygen.
Total pressure of the inspired gas is of importance in this con-
text only as it affects the "work of breathing"” with positive

' § pressure breathing assisting ventilation but requiring forced ex-
halation, and negative pressure breathing entailing considerably
ii more work to expand the lungs,
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A.7.2 Respiration in the Accelerated Environment

From the point of view of the pilot undergoing acceleration,
the effects on the respiratory system are chiefly seen in +Gy ac-~
celeration. Nonetheless for +G; acceleration he also finds that
E inspiration becomes difficult and there is a reported tendency

for the breath to be held during inspiration. Oxygen saturation g
1 drops and the work of breathing increases, bhut these effects are
all minor compared to the cardiovascular and resulting visual tun-
neling effects during +G., However, for forward acceleration,
+Gy, the respiratory effccts are of major concern. Chest tight-
ness and pain along with difficulty of breathing are reported in
the +5 to +6 G4 region and increased with further G levels until,
by +12 Gy breathing difficulty and chest pain are severe, Vari-
ous G protective devices, including the use of an anti-G suit and
positive pressure breathing influence respiratory mechanics. The
former unfortunately further reduces lung volume, making breath-
ing and gas exchange more difficult., The principal mechanisms
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underlying the observed effects of acceleration on respiration
are considered below in terms of the models for respiration in
the lg environment developed in the preceding section.

A.7.2,1 Lung Mechanics Under Acceleration

The effects of acceleration are seen not so much directly on
lung as on its ventilation and perfusion and on the work required
to move its supporting structure. Under +G; acceleration, the
weight of the abdominal viscera actually pulls the diaphragm
down, thereby increasing vital capacity by up to 500 cc. Despite
this, however, for reasons to be discussed below, the net effect
of +G,; acceleraticn exceeding 3g's is to reduce the oxygen
transfer to the blood. Acceleration in the +G, direction, as
well as in the +Gy direction does little to change the residual
volume of the lung, which seems to be an inherent characteristic
of lung rather than of supporting structure. Vital capacity
changes, but modestly under increasing +G, loads, reducing from
approximately 5.5 liters to about 4.5 liters over the range from
+3 Gz to +6 G,. There is some increased oxygen uptake under +G,
associated with the increased work of breathing, and breathing
rate may increase although the results are highly variable. The
variability may be understood when one realizes the two opposite
influences on breathing are at play. Vagal inhibition from
stretch receptors in the lung would tend to reduce breathing rate
whereas the effects of hypotension from the cardiovascular ef-
fects of +G, and the arterial hypoxemia, to be discussed beiow,
both would tend to increase breathing rate.

The matter of acceleration effects on lung mechanics in the
supine position is quite another story, however. Inspiration
then becomes a matter of raising the chest wall directly against
the increased inertial force, and breathing becomes severely dis-
rupted. Although the effective weight of the chest wall plays a
small factor in +G, acceleration, it is a major factor in affect-
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ing lung mechanics under +G, acceleration. Furthermore, since
the abdomen is forced up against the diaphragm under forward ac-
celeration, descent of the diaphragm is also made more difficult.
This pressing up on the diaphragm under +G, acceleration reduces
the expiratory reserve volume, Vital capacity and inspiratory
capacity as well as total volume are severely reduced under +Gy
acceleration as seen in Figure A.7-7. Vital capacity decreases
until it is nearly that of the tidal volume at +12 Gy, with no
reserve for greater ventilation. As breathing capacity goes
down, tolerance times approach those of breath holding. Respira-
tory rate, meanwhile, climbs rapidly and almost linearly with for-
ward acceleration up to triple the resting level at + 12 Gg.
Since tidal volume is falling, or at most peaks slightly at low
acceleration levels, the minute volume does not continue to grow
as indicated in Figure A.7-8. The marked increase in respiratory
rate is probably primarily attributable to the hypoxia associated
with inadequate ventilation/perfusion ratios, but also to some
extent, responses to the chest compression,
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and minus one standard deviation of the
+1 and +6 Gz values are indicated by
barred vertical 1lines (from Glaister (90))
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Figure A.7-7 The effect of forward acceleration on vital 'I i
capacity (VC), inspiratory capacity (I1Q), E
and expiratory reserve volume (ERV). Plus ]
i

(courtesy of Advisory Group for Aerospace
Research and Development).
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Figure A.7-8 Effect of back ancle on respiration in
room air. Curves labeled A represent
measurements made on net seat with a
129 back angle, at 5, 8, and 12 G.
The B curves represent measurements made
on a rigid support with a 0° back angle,
at 3 and 5 G. (from Fraser (71},

A.7.2.2 Similarity of Negqative Pressure Breathing to +G,
Effects

The increased work of breathing and difficulty of expanding
the chest wall under +G, has been previously noted as bearing
some similarity to the similar forces associated with negative
pressure breathing, when the inspired air pressure is below am-
bient. This is of course just the case found when breathing
through a snorkel underwater, and sets the effective limit on
depth to which one can descend using snorkel breathing. Watson
and his colleagues (253) investigated in detail the relative ef-
fect of negative pressure breathing and forward acceleration on
lung mechanics, and pointed out the very great quantitative gimi-
larity. For both increasing negative pressure and increasing
+Gy, the lung volumes decrease and interpulmonic pressure at a
given lung volume increases, shifting the pressure volume curves
for the lung towards higher interpulmonary pressures by about 4
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mm Hg/g. Lung compliance becomes smaller and the total work of
breathing increases, approximately doubling from 1 to 4g's or for
the equivalent negative pressure increase., For both cases, this
additional work results in increased oxygen consumption., Fre-
quency of breathing increases for negative pressure breathing in
a manner similar to that for +Gy. Although the details of
regional perfusion and ventilation of course would ot be ex-
pected to be mimicked by negative pressure breathing, in all
other respects negative pressure breathing appears to have nearly
identical effects on lung mechanics as does forward acceleration,
and consequently will be considered in more detail as 2 high G
augmentation concept. The equivalence of negative pressure
breathing of 5 mm Ha/g on lung volume is shown in Figure A.7-9,

100y 16
9} 2636 4
- o}
8 10
P
eg OOF
23
35:: S0
z‘—‘
3;~w-
Q@
2 30F
2
20F
0
0! I I | | I S |
-15-10 -5 0 5 10 15 20 25 30
Intrapuimonic pressure, mm Hg
rFigure A,7-9 Static relaxation pressure~volume curves

during control (1G) and 2, 3, and 4 G
forward acceleration. All lung volumes
were obtained at 1G (from Fraser (71)).
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Zechman and Mueller (275), in a similar study comparing effects
of forward acceleration and negative pres-ure at a single compari-
son point (+ 4 Gy and -15 mm Hg) showed jenerally similar results
but with some detailed differences in terms of lung mechanics and
gas exchange. They reported that the ventilation response under
negative pressure breathing was more by an increase in tidal vol-
ume than by the increase in breathing rate seen under accelera-
tion, They fail to show the increase in oxygen uptake under ac-
celeration reported by many others, and seen with negat’ve pres-
sure breathing., As a corollary, positive pressure breathing has
been used to counter the effects of forward acceleration by mak-
ing inspiration easier and overcoming the downward forces on the
chest wall, Although the theoretical values of 5 mm Hg/lg incre-
ment would call for applied pressures up to 35 mm Hg at 8 g's,
this was found to be excessive by nearly a factor of 2. Positive
pressure breathing with oxygen did indeed increase tolerable ex-
posure durations significantly at levels up to 10 Gy (253).

Zechman and Mueller (275) found one other interesting differ-
ence between negative pressure breathing and forward accelera-
tion. Using a carbon monoxide diffusion technique they measured
changes in lung diffusion capacity under both negative presgsure
breathing and under acceleration and found a change only for the
latter, dropping from 21 to 12 ml/min/mm Hg. Whether this re-
flects detailed changes in alveolar capacity, pulmonary edema or
some other factor is yet undetermined according to Fraser (71).
The significance of this difference in terms of the major simi-
larities between negative pressure breathing and forward accel-
eration effects on respiration is not clear.

The increased muscular activity associated with expanding
the chest wall against a forward acceleration force is reflected
in an additional metabolic load of approximately 141 ml/min at 6
g's according to Steiner et al (232). The additional oxygen load
makes even worse the problems of oxygen delivery resulting from
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- mismatch of regicnal ventilation/perfusion ratios discussed
nelow,

A.7.2.3 Effects cf Acceleration on Veatilation/Perfusion Ratio,
Gas Exchange and Arterial Saturation

EFFECTS OF + G, ACCELERATION

e .

In additicen to the dominant cardiovascular effects, even mod-
er:te levels of prolonged headward acceleration can cause notic-
able symptoms hecause of reduced oxygen transport. Von Nieding
et al (184) show a case of respiratory gas exchange alteration

after six minutes of acceleration at only +2 G,, leading to
blackout at 10 minutes.

. ST

The increased work of breathing at +G; acceleration is one
factor, but clearly not the dominant one in the respiratory ef-
fects. Changes in the regional perfusion and ventilation of the

s et e

lung with increasing acceleration has been clearly demonstrated ;
to be the overriding factors of importance. As linear acceler- ]
ation increases, the blood in the pulmonary circulation pools ’
more and more toward the base of the lung, leaving the apical

portion largely unverfused. Consequently, the upper portion of
the lung does not contribute to gas exchange, which takes place
only in the mid-portion. At the bottom of the lung, where much : |
of the pulmonary circulation then takes place, ventilation is
excluded as discussed earlier, with air trapped or atelectasis

taking place. Pulmonary shunting takes place, with pure venous ;
blood being mixed in with the oxygenated blood going back to the §
left heart, and thereby reducing total blood oxygen saturation. .
This hypothesis, discussed many years ago by Gauer (75) has since i i
been confirmed both by x-ray studies of the lung (Bryan et al
(25)) and by lung scanning using a number of technigues . i
(Glaister, 89; Von Nieding et al, 184). The drop in arterial ﬂ
oxygen saturation is approximately linear with acceleration, ")
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having a sensitivity of approximately 10 mm Hg per G. Simultan-
eous measurements of arterial oxygen (Pap,/ and carbon dioxide
(Papz) partial pressures, arterial pH (pH,), alveolar (end
expiratory) gas partial pressures (PAOZ, PAcoz)' breathing
frequency (f) and the arterial-alveolar oxygen and partial pres-
sure gradients were measured by Von Nieding et al (184) on centri-
fuge runs. Their average values, shown in Figure A.7-10, show
clearly this linear decrease in Paoz, which is reflected in
increases in both the alveolar oxygen level with increasing G and
a consequent increase in the arterial-alveolar pressure gradient
(A-a Pg,). Although arterial carbon dioxide level remains
relatively unaffected, probably because of the hyperventilation
shown in the increase in breathing rate, the alveolar carbon

| dioxide level drops significantly with increasing acceleration
levels. Breathing rate increases by about 15% per G. The drop
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Figure A.7-10 Mean values from all respiratory quantities
investigated at +Gz acceleration, relative
to the value at rest (from Von Nieding (184))
{courtesy of Springer Verlag).
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in end expiratory P02 begins immediately with the onset of
acceleration and ceaches its plateau level in about one minute.

The relationship between the change in gas exchange effici-
ency and the capillary perfusion of the difEferent regions of the
lung is shown clearly in Figure A.7-11. Note that even at +2 G;
the upper section of the lung is completely unperfused, and at +4
G, fully 93% of the perfusion is in the lowest portion of the
lung. The drop in arterial oxygen saturation is, of course, de-
layed some second after the decrease in gas exchange beoth because
of some storage of O and because of the hemoglobin saturation
characteristics which permit P,, to drop before a noticeable
change in oxygen saturation is developed. The time course of
arterial oxygen saturation for +G, maneuvers of durations and

torr
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\

56% 4% 54% 46 % 54% 4b% b‘i 44\ 55% IR

100
N ._]//ﬂ\_. .lff\g lﬂ~l~
150 1sec
rest "‘101 +2G;z +3G;2 OQGI
Figure A.7-11 Changes of the 0, and CO alveolar plateaus
for increasing v31ues of +Gz acceleration.

In the middle section percent distribution
of the marked microspheres representing
capillary perfusion (Scintiscans during
gravity, +2 and +4 Gz and all partial
pressure curves originate from subject

KX, the scintiscans during +1Gz and +3Gz °
are from subject KK) (from von Nieding et
al (184)) (courtesy of Springer Verlag).
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magnitudes resembling those associated with ACM are indicated in
Iigure A,7~12, Note that the time course of the arterial oxygen
saturation drop outlasts the acceleration., Measurements of O3
saturation have also been taken during +G, accelerations intended
to simulate an ACM G stress by Gillingham and Burton (84) and are
used for modeling the relationship between G level and arterial
saturation as will be discussed below. The steady state arterial
oxygen saturation begins to drop significantly from its control
levels at accelerations above +4 G;, as indicated in the summary
diagram of Figure A.7-13, Oxygen uptake and oxygen consumption

E similarly increase with increased acceleration, making the de-

i . crrased gas exchange problem even more serious. A sumnary of the

——

|

e e e

+456 \ Fa.oc +4,06 “\

Figure A, ~-12 Time course cf changes in arterial oxygen
saturation induced by consecutive exposures
to positive acceleration (4.5, 4.0 and 4.0
G) in subject 20 years old, height 179 cm,
weight 68 Kg, breathing air and wearing
automatically inflated Anti-G suit. Note
increasing rate and degree of unsaturation
in congecutive runs; also impairment of
resaturation in the postrun periods (from
Fraser (7).

' oxygen exchange parameters of interest for +3 G, and +8 Gy, as j
; i well as the control values is given in Table A.7-1 from Glaister f
(90).
U
| There have been numerous attempts to develop mathematical !
E ? descriptions of the relationship between gravitational stress and
E.
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] . 100
[
S — 1
c ¥ : g
-« {i
85 !4
_ ' i
l

—

A-135




LA YR O Ay

C T
B e A TR R L g

Ame'::t QX rGEN SATURATION-Y,

s s
1] 4 M
N LI o
a 'y
L ]
sop .
L [ ’o )
[ 1Y ¢
t .
°
(1] 5 b *
® +Gx
bAY o . [ )
o =Gx
4 462 ° .
70 A ) i ——h I\ ! | I gy
| H k] 4 S [ 7 [ ] 9 0
ACCELERATION-G
Figure A,7-13 Arterial oxygen saturations reported in man

during exposure to varying levels and axes
of acceleration. Each point represents the
average of at least three, and up to 31

- determinations made during exposures lasting
from 50 seconds to six minutas with subjects
breathing air (from Glaister (90)) (courtesy
of Advisory Group for Aerospace Research
and Development).

arterial saturation, since this is of such, extreme practical im-
portance in predicting the tolerance to various maneuvers. Gil-
lingham and Burtor have pursued this question the furthest in
recent work, emphasizing the dynamic response to ACM type man-
euvers as well as standard test pulses of acceleration. Burton,
in earlier work, modeled the arterial oxygen tension and satura-
tion as an exponential function of G as follows:

= 97,5 e~0.093G, ang

Pag,

Saoz = 99 - 105960 [Eq. A.?‘l]
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Table A.7~1 Oxygen exchange under various conditions of
acceleration (from Glaister (90) {(courtesy
of Advisory Group of Aerospace Research
and Development).

f G, yra » (18) +3G, 3G,

] Arterial dood

E oxygen content (vol. A 20.3 19.9 16.1

i oxygen saturation (i 917.1 95.1(228,273) T1.0

E ‘ oxygen teasion (mm Hg) 93 RO 42
. Mixed venous Lluud
s ~ oxygen content (vol. Q) 15.5% 12.9 10.0
* oxygen saturation (1) 75.0 61.8 47.8(12)

E L. oxygen tension (mm Hy) 40 32 ] ] J‘
{ Mean tissue capillary blood :
1 . oxygen tension (mm Hyg) 38 48 i j
i Oxygen aptake (ml/iain) 273 265 (95) 205 (249) a
i . " Oxygen consumption (ml/min} 275 320 420 i

| P Oxygen stores (ml) 905 (80) 545 898 ‘

’ i Oxypten debt (ml) 0 495 745 "
- Cardiac vutput (1/min) 5.7 4.6(228,273) 6.83Q273) §
|
.- Note: Usvien uptake and oxy <vn consumiption values are averaged over 3 minute

acceleration exposures: all other values apply to the end of such exposures, i

1" Where vilues ave taken from the literature, appropriate references are i
§ given in brackets.

They attempted to match measured oxygen saturation during an ACM
g_ type maneuver and a 6 G, 60 second pulse with gseveral models, in-
cluding a synthetic transfer function given below.

=0, ¢t < 1,17

Saoz

= 100, 1,17 < t < 1,95 :

A

= 0, 1,95 < t < 4.69 j

In

-t-4.69
37.5
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The results of that simulated response to both the ACM G
stress and the pulse are given in Figure A.7-14, Gillingham (82)
has recently indicated in a personal communication, that he feels
that a better approximation would be given by the following lin-
ear transfer function, relating Sa02 as the output to +G; as the
input:

1+ 7.20s , -8.46 s,
1 + 48.2s

H(s) = -3.87 [Eq. A.7-3)

The initial peak that comes from such a lead lag transfer func-
tion is presumed to be related in some way to anticipatory breath-
ing prior to the onset of G level, a phenomenon that has been
noted by several authors. The implied delay of 3 seconds in-
cludes several seconds delay until the circulating blood reaches
the ear where the oximetry measurement was taken.

AFFECTS OF 100% OXYGEN

Breathing of 100% oxygen does have a slight effect on reduc-
ing the drop in oxyyen saturation with positive acceleration.
However, if oxygen 1is prebreathed by 15 minutes or so prior to
the onset of the G stress, there is an increasing occurrence of
atelectasis, independent of the composition of the inspired gas
at the time of the G stress. Consequently, alveolar collapse
takes place, further interfering with gas exchange at +Gj.
Following the cessation of acceleration, when 100% oxygen has
been breathed, the return of oxygen saturation is slowed, further
indicating the likelihood that atelectasis was responsible for
the drop in gas exchange.

Although no direct data has been found which relates the ef-
fects of breathing of gas mixtures with lower than atmospheric
oxygen content to G levels, it is quite clear that similar reduc-
tions in arterial saturation levels, both of magnitude and time.,
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(courteay of Aviation Space and Environmental
Medicine).
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can be approached by reducing oxygen content of the inspired air
on a breath by breath basis. The relationship including inspired
air oxygen tension and arterial Saoz is well documented.

The question of inspired air content as well as that of posi-
tive or negative pressure breathing will be discussed further
below under + Gy, Forward Acceleration.

ANTI-G SUIT

When the anti-G suit is inflated in response to accelera-
tion, it presses up on the abdomen and diaphragm reducing end-
tidal lung volume and vital capacity. As a result of both the
reduction in lung volume and the fact that the increased pressure
in the basilar part of the lung will close off even more alveoli,
inflation of the anti-G suit increases the arterial desaturation
which develops during +G, exposure.

EFFECTS OF FORWARD ACCELERATION (+Gy) ON GAS EXCHANGE

Although the mechanisms involved in the acceleration effects
on respiration are similar for +Gy; to those already discussed for
+Gz, the magnitude of the effect is much more severe. Combined
with the observation that tilt back sez2ts are used to increase ac-
celeration tolerance associated with hydrostatic pressure drops
to the cardiovascular system, the expected longer duration +G,
stresses are of particular importance in consideration of their
respiratory effects.

The increased work of breathing associated with elevating
the chest wall during forward acceleration calls for an increased
oxygen uptake with increasing G,. The additional oxygen corres-
ponds to an increment of about 15% at 5 g's and over 100% at 10
Gy (Zechman et al 274). If the oxygen cannot be supplied by res-
piration, an oxygen debt is accumulated which is repaid following
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i' acceleration. 1In discussing somewhat conflicting results, Fraser
concludes that there is generally a decrease in actual oxygen up-
{ take during acceleration followed by an increase to make up for
the accumulated debt after the acceleratory period (71).

T T e T gy T e e ey e s

Nearly all investigators are agreed that the major influence
of forward acceleration on gas exchange is in a severe alteration 4
of the regional ventilation perfusion ratios, whereby the ventral -
§ or forward part of the lung receives no perfusion and maximum ven-
k | tilation with very large alveolar sacs, whereas the dorsal or
3 i back portion is maximally perfused but, because of the high pres- i
' sure, has the airways blocked off or collapsed. This is shown i
clearly in Figure A,7-15, where the increase in pulmonary pres- ;
sure from 30 mm Hg arterial at lg to 70 mm Hg at 5g's, combined ;
: with the change in intrapleural pressure from -2 mm Hg to +18 mm 1
, | Hg collapses the alveoli. This same information is shown guan- . 1
Ef titatively in Figure A,7-16 where the relative ventilation per- :
fusion ratios at lg and Gy are shown. For the 5 Gy case, it is
only the limited region of the lung with the relative ventilation
" perfusion ratio close to 1 that is affected in gas exchange. As

A e,

Ventral chest wall
Intrapleural /
paaoRassstsEERtEonnie ) DTGSSU[SS —

Alveolar |
| pressure -7 )—*7 i3
i =0 B
1
: 1
i Pulmonary o 1 +18 i
pressures: riery p ;
s 06 ?
\ Dorsal chest wall i
figure A.7-15% Diagram of effects of forward (+Gx) accel- j
i

eration on intrathoracic pressures (dorsal-
ventral dimension of lung is 20 cm). Numerals
indicate pressures as cm H,0, and zero ref-
erence level is atmoapheri% pressure at i
midthoracic coror.l plane (from Fraser (71)).
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figure A.7-16

saturation significantly.

change can take place,

4 8 8 10 12
Detector position, cm Post ~=——

.16 18 20

-

Relative ventilation-perfusion ratios plotted
against distance along anteroposterior axis
of the lung at +1 and +5 Gx. Shaded areas
cover values obtained from 3 subjects. Ex-
posure to acceleration increases range of
values and creates a considerable region of
zero ventilation-perfusion ratio at the back
of the lung (from Glaister (88) {(courtaesy
of Journal of Applied Physiolpuy).

discussed previously, the development of arterial venous pul-
monary shunts at the back portion of the luna reduces the oxygen
Even breathing 100% oxygen only delays
its development and reduces its magnitude somewhat because, of
course, where no gas is coming in contact with the blood, no ex-
The dacta of Steiner and Mueller (231)
shows an effective shunt of 40% at 6g's ané 60% at 8g's in air,
with the latter reduced to 40% at 23's for breathing pure oxygen.
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The time course of changing arterial oxygen saturation dur-
ing forward acceleration is similar to that for headward accel-
eration, although of course the magnitudes of the desaturation
are much greater. Figure A.7-17 and A.7-18 show the "step re-
sponse" to rapid onset and rapid offset of forward accelerations
at three different levels, and indicate the dominant t‘me con-
stant to be of the order of 30 to 60 seconds. Breathing 100%
oxygen would appear to reduce the arterial oxygen saturation
decrement on the order of 3 to 5%,

Several guantitative models came to our attention which were
worked out specifically for the dynamics of arterial saturation
in response to G, acceleration. Holden (112), however, makes the
case that it is in fact principally the magnitude of the imposed
acceleration and not its direction which is of importance in
determining arterial saturation, and, dealing with a wide variety
of data for both Gy and G, he proposes a simple model based on
this function and on physical principles. He argues that steady
state arterial oxygen concentrations can be approximated as poly-
nomials in the magnitude of each G vector, and that the rate of
change to a step change in acceleration is an exponential decay.
By curve fitting he comes up with the step response as follows:

Pag,(t) = (0.5 g - 0.4 g2) (1-e=0.05(t-8)) + 98 [Eq. A.7-4)

The 8 second time delay associated with the delay between
onset of a step of acceleration and beginning of a change in
arterial concentration is similar to that obtained for G, as
discussed in the model of Gillingham and Burton., 1In the steady
state, of course, the exponential term dies out and the steady
arterial saturation level in response to any G stress are given

by

Pag, = 98 + 0.5g - 0.4g2, (Eq. A,7-5]
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Fiaqure A.7-17 Effect of exposing an anaesthetised
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Note the fall in saturation during
the period of acceleration (from
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Fiqure A.7-18 Changes in arterial oxygen saturation
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during acceleration when breathing
oxyaen (30 seconds expcsure to +5Gx)

or air (4.5 minute exposure to +5Gx).

The lack of response when the subject
breathed 99.6% oxygen was prosumably
due o the run beina termina‘~d after

only 30 seconds, at which ti— -wrgen
trapped in unventilated alvc¢ '@ as
still available for diffusi. rm

Glaister).
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As a simple starting point for software to drive a model this
would seem to be reasonable, although further experimental veri-
fication is obviously necessary.

PRESSURE BREATHING

Positive pressure breathing can reduce the work of breathing
under forward acceleration, since the higher pressure in the in-
spired air tends to make it easier to expand the chest wall., 1In
addition, of course, the positive pressure inspired gas tends to
keep the dorsal portion of the lung ventilated and reduce the pul-
monary shunting. Watson and Cherniak (252) found considerable
increase in tolerance to positive accelerations of +6g and +8g
with positive pressure breathing of 12 and 20 mm Hg respectively.
Positive pressure breathing with pure oxygen increases the danger
of atelectasis however, For the purposes of this study, it is
reasonable to consider once again the effects of negative pres-
sure breathing, not only on making the work of breathing and
breathing mechanics resemble that of forward acceleration for the
simulator case, but also in terms of creating an altered ventila-
tion perfusion ratio which would result in reduced arterial satu-
ration in the fixed base simulator,
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142 13 B-11&12 212 29 B-29 :

144 19 B-19 213 104 B-101 : :

145 92 B-91 218 184 B-149 -

147 243 B-174 220 219 B-164

150 171 B-135 221 46 B-42

152 241 B-171 222 33 B-30

154 102 B-98 223 34 B-33

160 90 B-89 224 78 B=77

161 60 B-55 229 202 B-158

164 77 B-75 230 159 B-128

165 239 B-169 236 61 B-57

166 58 B-53 239 226 B-166 |

167 108 B-108 240 248 B-178 é

168 73 B-68 241 144 B-119 |

171 103 B~100 242 76 B-74 ,%
1 172 173 B~137 244 172 B-136 ;
A 174 37 B-35 245 240 B-170 i
L 175 106 B-103 247 75 B-72 :
? 176 191 B-155 248 45 B-41 :
% 177 194 B-156 250 137 B-118 7
E 180 176 B-142 251 164 B-132 ]

181 105 B-102 256 244 B-175 ﬁ

185 223 B-165 258 152 B-121 |

190 166 B-133 261 177 B-143 |
B 194 89 B-87588 262 178 B-144 i
8 195 47 B-43 263 179 B-145 . i
F 202 57 B-51 264 180 B-~146 , ?
‘ 205 238 B-168 268 111 B~111 B

207 150 B-120 273 8 B-9

208 51 B-46 "i ;

209 205 B-159 !
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UILE:  peromedical keviews Effects of the Abnormal Acceleratory  feer.s 86
Environment of Flight le- 5
OA'TL: :
LRAAUTQR: G{11ingham, K. K. rancs "
PHYSIOLOGCICAL 1
CATEGORY
: Not available at this time X AUDITCRY
E . 3. AIOMECHNL ’_,
z e e e X campsovsc: ;
3 . FORCE 5
3 X GENERAL *
: g An excellent brief review of the acceleration mechanics and X LABYRINTH
g| major physiological effects, especially of Gz. Particularly MAN.CNTRL
4| good overview of spatial disorientation in flight. Summary X PROTECTIVE
‘ of countermeasure affectiveness. * REVIEW
B X RESPIRAT'N ;
= (1) Blackout tolerance curves - duration vs Gz level as a A STHULATION 1
= function of rate at onset Fig. 9, p.3! “o’iﬂ‘;z" E
. 3
- (2) Ps 41 - “..., M-1 contributes signiticantly to the high
- heart rate; eg., the heart rates for persons performing —mrmron
= a maximum M-1 @ +1G2 are the same as those found during |07 "3™®
‘ exposures to +6 Gz." et t:
,E (3) Positive Pressure Breathing (PPB) "PPB was found to STRAPS ]
! w . . X AURAL i
2 be as effective as the M-1 maneuver regarding tolerable EXTREMITY
2 time at +6 and +8 Gz. The majority of the subjects X LaNP i
g preferred PPB to the M-1 because of less fatigue X VISUAL 3
associated with PPB." Fig. 23 shows esophageal X RESPIRATORY 1
pressures which indicate changes in intrathoracic X LACRIMATION i
pressure and straining effort. expended. TEMPERATURE
SK
(4) Note: "... that current pressure demand oxygen regulators "
can only deliver 100% in the pressure settings, and the
probability of an increased incidence of atelectasis ,
associated w/ 100% oxygen presently prevents the use : ;
of PPB as an operational Anti-G method." =
(5) Note rapid response to blood pressure change vs. G . 1
(p. 26 & 27). Note rapid change in F4 G level (p.7). ]
Wonder if LBNP concepts can cause blood pressure changes
rapid enougn. . j
<
5 (6) Bottom p.28 - peripheral vision lost first because
E retina supplied as end artery item with vessels of ;
= decreasing size extending from retinal center toward ‘f
< periphery. Blood pressure drops .*. first effects .
periphery. : i |
r
SHEET 1 'E
or 2 i l:




b |

AUTHOR

Gil1ingham, K, K. ‘Lcrc 86

(7)

(8)

(9)

(10)

()
(12)

(13)

Bottom p.32 - audition - last to go before unconsciousness -
not a good end point.

Again note rapid response of blood pressure to G & M1 maneyver
on p37.

Tidal Respiration - p.39 - would a decrease in CO2 in breathing

air dilate the peripheral blood vessels with resultant drop in
blood pressure .°, helping LBNP? See also p42 & 43,

Performance degrades inversely with G to 6 Gz and rapidly
thereafter (p80).

Red out not experimentally encountered (p53)

Lacrimation noted above +12 Gx - outside our regime of
consideration (P547.

Elevator Effect p64 & p76.

wiled,




PITLE: REF. ¢ 21

Ocular Effects of High Speed Flight :
1G =

DATE :
2AR AL : HUMANS - X
Blake, J. ANIMALS -
PHYSIOLOGICAL
CALEGURY i
AUDITORY
BIOMECHNL
MARDIOVSCL . ;
FORCE 4
GENERAL
LADYRINTH
MAN.CNTRL
PROTECTIVE
REVIEW
RESPIRAT'Y
SIMULATICH
VISUAL :
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TIULE: . 0 . . , rer. s 104
= Effect of Passive 70° Head-up Tilt on Peripheral Visual 7
Response Time =
DAL
~EaD AUTUOR: HUMANS - X
Haines, R. ANIMALS -
PHYSIOLOGICAL
CATEGORY
Peripheral visual response time wasomeasured continuoucly in AUDITORY
seven young men during a 30-min, 70" head-up tilt before and 310MECHNL
after 14 days of bed rest. Small test lights were flashed on X CARDIOVSCL
at unexpected times and locations along the subjects' horizon- FORCE
tal retinal meridian to determine what effect tilt would have X GENERAL
sl on peripheral visual sensitivity and to better underszand the LABYRINTH
5| physiological mechanisms that underlie peripheral vi,ual MAN . CNTRL
gl sensitivity. Blood pressure was also measured every other PROTECTIVE
<! minute throughout this period. The results indicated that REVIEW
response time lengthens significantly to stimuli imaged beyond RESPIRAT'N
about 70° from the line of sight for both the pre-and post- SIMULALLON
bed-rest periods during tilt. VISUAL
OTHER
. . - L] . - L] . - > . - L] L] L] . L] L] L] - - . L . . L4 Al'GME:xTATION
Cardiovascular effects on vision DEEE:;
(1) With a small (<4mm HG) of mean systolic blood pressure, zxs
g the author suggests that the critical closing pressure EXTREMITY
£ (Pc) (pressure within a blood vessel) - is reached Laxp
5 in the extreme peripheral area of retinal - cagsmg an VISUAL
= increase in reaction time for a stimulus at 70 RESPIRATORY
greater from the line of sight. LACRIMATION
TEMPERATURE
MASK
g
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MILE: A Study of Early Greyout as an Indicator of Human rer. s 273
i Tolerance to Positive Radial Accelerating Force iG- 8
i DAL
| LEAD AUTIOR:  7apriello, J. J, e
PHYSIOLOGICAL
CATEGORY
Not avajlable at this time AUDITCRY
' BIOMZCHNL
. e o & 8 e 8 8 e s e o & PO . CARDIOVSCL
FORCE
GENERAL
g Data useful for peripheral dimming display drive LABYRINTH
S MAN .CNTRL
. < (1) Loss of vision of lights at 80° in the periphery 23:2:‘“
i occurs at 4.2 g's (Gz) (9= 0.7), compared to 4.5g's RESPTRAT 'Y
L (c = .8) for 1ights at 23" and 5.3 g's (o = .8) for SIMULATION
. center light loss. A clear run had an average of X VISUAL
; 3.8 g.S. OTHER
i.
(2) The time between 80° 7ight loss and blackout had a
? mode of only 0.5 sec - but a mean of 2.7 sec. AUGMENTATION
‘ 0 DEVICES
(3) Normative data were obgained regardigg the 80~ LL and HELMET
:- jts relationship to 23" LL, blackout, and unconsciousness. | straps
’ :_.': AURAL
: 2| (4) Subjects were relaxed. EXTREMITY
. = LBNP
, = * X visvaLn
ie RESPIRATORY
LACRIMATION
TEMPERATURE
MASK
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TITLI:

Testing Predictions Derived from a Model! of

Progressive Adaptation to Coriolis Acceleration

arr.+ 20

HG- 9

DACE

LEAD AUTIIOR:

Benson. A. J.

HUMANS ~X
ANIMALS -

ABSTRACT

RELEVANCE

—tllhee . SALIENT DATA

A theoretical model for progressive adaptation to
Coriolis accelerations is described. Thirteen
subjects were tested under prccedures identical
to those using fixed velocity dncrements described
in previous studies, but in this instance diminish-
ing velocity increments, with an initial step of 3
rev/min were used. The findings provide positive
but as yet, limited support for the theoretical

model described.

Adaption of Labyrinth System to Coriolis accelera-
tion in a centrifuge - not directly applicable.

PHYSTOLOGICAL
CATEGORY
AUDITORY
BIOMECHNL
CARDLOVSIL
FORCE
GENERAL
LABYRINTH
MAN .CNTRL
PROTECTIVE
REVIEW
RESPIRAT'N
SIMULATION
VISUAL
OTHER
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LA Involuntary Head Movements & Helmet Motions During rer.0 142
Centrifuge Runs With Up to +GGz ne- 13
DATI:
LEAD _AUTUGR:  Kpgemer, K. H. Xﬁ?"mfs--x

ABSTRACT

RELEVANCE

i, SALIENT DATA

Open-loop centrifuge runs reaching +6G_ were performed with

13 subjects wearing the foam-padded stndard HGU-2A/P_helmet.
- Weights up to 20 oz were attached at top and sides. During

the centrifuge runs, each subject attempted to maintain his
gaze at a target directly in front of him. Hence, no '
voluntary motion of the head should have occurred. Position
of the head, of the helmet, and of a helmet-attached reticle
were recorded photographically at each G-level. From the
photographs, data on actual displacements of head, helmet,
and reticle were extracted and subjected to a computer-aided
analysis.

Involuntary angular head movements, as well as rotational
displacements of the helmet on the head, are discussed in
this paper in terms of pitch, roll and yaw. Also described
are linear changes in the vertical heignt of the subjects'
eyes and of the reticle. Yaw and roll were found to be
small and unstructured. Fore-and-down head and helmet
pitch, and depression of eye and reticle were about
proportional to the amount of +Gz stress.

oooooooooooooooooooooooooooooo

Paper presents data on head, helmet, eye and reticle
displacements as a function of +Gz accelerations

up to 6 Gz. These are measured (head & helmet) in three
rotational degrees of freedom (pitch, roll & yaw).

(1) Pitch seems to be the most significant degree of
freedom in terms of excursion. There is a considerable
variability in head pitch among the various subjects (13).

{2) The most significant motion is helmet pitch. There
is a trend for head pitch to overshoot the 1G position
upon raturn. Eye depression is relatively linear
from 0 @ 1g to= 45 mm at + GGZ.

PHYSIOLOGICAL

CATEGORY
AUDITORY

X BICMECHNL
CARDICOVSCL
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GENERAL
LABYRINTH
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PROTECTIVE
REVIEW
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SIMULATION
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TIEE Invcluntary Head Movements & Helmet Motions During rer s 14¢
Centrifuge Runs Up to +GGZ 4 : ne- 13
NATH
LEAD AUTNAR: HUMANS - X
Kroemer, K. H. ANIMALS -
SHYSTQLOGICAL
Open-1o00p centrifuge runs reaching +6G,.were performed with CATEGGRY
13 subjects wearing tha foam-padded standard HGU-2A/P helmet. AUDITORY
Weights up to 20 oz were attached at top and sides. During the | Xprcmecwyw
centrifuge runs, each subject attempted to maintain his gaze CARDIOVSCL
at a target directly in front of him. Hence, no voluntary FORCE
motion of the head should have occurred. Position of the GENERAL
g head, of the helmet, and of a nelmet-attached reticle were LABYRINTH
g recorded photographically at each G-level. From the photo- MAN.CNTRL
§ graphs, data on actual displacements of head, helmet, and PROTECTIVE
reticle were extracted and subjected to & computer-aided REVIEW
analysis. RESPIRAT'N
: X SIMULATION
Involuntary angular head movements, as well as rotational X VISUAL
displacements of the helmet on the head, are discussed in OTHER
this paper in terms of pitch, roli and yaw. Also described
. are linear changes in the vertical height of the subjects' eyes
and of the reticle. Yaw and roll were found to be small and AUGMENTATION
instructured. Fore-and-down head and helmet pitch, and DEVICES
depression of eye and reticle were about proportional to the X HELMET
. amount of *G, stress. X STRAPS
g AURAL
Pl e v s s e ¢ e o & & e & & & 3 s e &8 & s 8 s 6 & a s+ s s e 2 » EXTREMITY
3 LBNP
& Pertinant information for helmet movement on head (firmness VISCAL
bladder) & head/helmet movement (fluid cavity) & shoulder RESPIRATORY
harness tightening (torso movement) & G seat utilization. LACRIMATION
TEMPERATURE
(1) Helmet, head, & helmet vs head movement appears to be HASK
independnet of helmet weight.
(2) Z induces no significant helmet/heac rolling or yawing.
(3) Z induces head pitch dawn (Ave 4° @ 6G) and helmet
pitch down WRT head (Ave 4~ @ 6G) the former linear
between 1—> 6g; the: latter showing little movement
between 1< 2g then linear 2->6g.
< 4) Z axis compression of torso neck under 6G_ mounts to
& 50 mmAin eye point (1/6 of which is due fo head pitch)
is very linear 1—>6g substantiates position - action
§ G seat concept and general excursion range of G seat
< 40 oz variation in helmet weight has "no" effect on
]‘ said compression.
SHEET 1
ar 1
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TITLE: REF . ¥ 3 g.
Principles of Biodynamics we- 14 g
OATT . g
R LEAR _AUTHOB: HUMANS = X ]
! : ANIMALS - ;
PHYS IOLOGICAL :
: Principles of Biodynamics is a manual prepared at the jcarecorr ]
) request of the AGARD Aerospace Medical Panel in order | aunrrory i
- to give an updating of present knowledge about the BIOMECHNL ._,
medical implications of linear and radial acceleration carorovscy a
! for man in air and space vehicles. The aim of this FORCE
1 book is to give the basic principles which have been | XcEnerav :
{1 accumulated in this field over many years of aero- | LABYRINTH 3
1. #| medical research. It may also help research workers. MAN.CNTRL ;
e g PROTECTIVE
¢ - P meacmcecerercceen—. - - e m-a emmmmmmm.o -~ c—emmm——-— X REVIEW
i } RESPIRAT'N
E ' Summary, in outline form of the principle G-acceler- SIMULATION 3
] ation effects and effectiveness of protective VISUAL |
19 measures., Data summary on G-tolerance levels with OTHER :
1 various protection. A good first look at effects, no
.. physiologdcal background needed. References good-
i includad annctated bibliography. AUGMENTATION 1
1. DEVICES ‘;
; : HELMET g
: 1. Table of axes and terminology (pp 5, 6) TrADS ?
: g AURAL ;
H - g 2. Summary of effects (pp 14-19) T TREMITY
? g 3. Good annotated bibliography. :::f;n j
h 4. Compilation of data on acceleration :z::::::z
devices in US and Europe. TEMPERATURE ]
MASK
E
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URE' transmission of Angular Acceleration to the Head |[ror.sld
in the Seated Human Subject. ug- 15
DATL: ¢
LEARAUNOR: g arnes, G. R. ANTES 2
. PHYSIOLOGICAL
Sinusoidal angular oscillation in yaw of seated T roRy
human subjects, both restrained and unrestrained, X 31OMECHNL
has demonstrated that responses of significant CARDIOVSCL
amplitude may be elicited in all three head axes. FoRCE
In the unrestrained condition, the torso appeared to GENERAL
g absorb the input accelerator, the response of the LABYRINTH
Z| head in the yaw axis exhibiting very rapid atten- MAN.CNTRL
al uation (5 log units/decade) and large phase lags PROTECTIVE
“] at frequencies above 4 Hz. 1In the restrained con- REVIEW
dition, the transmission to the yaw axis of the head RESPIRAT'N
was much less severely alternated (1 log unit/ X $IMULATION
degrade) with similar phase lags above 4 Hz. The VISUAL
yaw responses in the unrestrained condition ex- OTHER
hibited a resonant peak at 2 Hz, probably
attributable to the large mass of the shoulders and | __ |
torso. In both experimenta: conditions there was Z.UGMENTATION
a significant response in both the roll and pitch DEVICES
axes of the head. The response in pitch exhibited X HELMET
o} significant sacond harmenic components which were X STRAPS
g manifested as a frequency doubling effect between AURAL
g1 1 and 6 Hz. EXTREMITY
ﬁ --------------------------------------------------- LBNP
& VISUAL
Helmet drive system onlygenerally relevant. Shoulder] RESPIRATORY
straps - accept some of the torsional movement, LACRIMATION
TEMPERATURE
___________________________________________________ MASK
1. Stimulus was pure yaw about GG of Torso (un-
restrained) and 4 Hz (restrained) of head due
to mass of torso (unrestrained) and head
(restrained). -Rapid roll off. Authors
conclude spring mass damper analogy does not
represent this system & point to utilization
of wave theory in bodies.
g 2. Important side no-e: Under vibratory regime
g vestibular conpensation occurs to help
£ subject visually fixate but this must be
u suppressed when object of fixation is vi-
2 brating too (cockpit inst.). Seat shakers
4 won't teach such suppression.
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}' TITLE: rer. s 120
The Effects of High Speed Flighi on the Human - i
Body. we- 16 :
DATE : :
LEAD AUTNOR: 5 -
| Howard, I. P. NHTUALS
No abstract is available at this time. PHYSIOLOGICAL
CATEGORY
_______________________________________________ AUDITORY
I BIOMECHNL
Largely irrelevant to our task. An elementary and :21;2;ovscr.
unreferred review of the high G problem for laymen, GENERAL
‘ g LABYRINTH
\ 4 ittt MAN.CNTRL
. 9 . PROTECT
: 1. Fig 6, p 298 shows eye leve] arterial pressure X R:s:w E
j dropping before a 4g acceleration RESPTRAT'Y
) . L . ) . SIMULATION
: 2. Fig Sgives tolerance levels in 3 directions VISUAL
‘ QOTHER ]
» Motor Capability i
. 1
: 2 g - "Just possible to rise from Seat" AUGMENTATION 3
i 3 g - "legs almost too heavy to 1ift" DEVICES ]
6 g - "arms cannot be raised above the head”, HELMET
"fine movements of the fingers & hands STRAPS i
I B can be made, but only if the rest of the AURAL
S B $ arm is well supported" X EXTREMITY
d L3NP 1
; @ Visual Effects VISUAL ]
‘. RES! .RATORY :
f 3 g - "Brightness & contrast diminish" also LACRIMA '1CN }
1 "veiling" TEMPERATIRS i
E : 5-6g ~ "blackout"; 6-7g "Endangered MASK ;
cerebral circulation & loss of conscious- i
: ness." i
Es

it SALTENT DATA
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TITLE:

Men at High Sustained +G_, Acceleration, A Review.

et 4

REF. ¢ 33

G- 17

DATE ¢

LEAD AUTIOR:

Burton, R. R.

HUMANS = X
ANIMALS =~

ABSTRACT

RELEVANCE

et . SALIENT DATA

No abstract is available at this time

Through review of high sustained +G; research at
breaks emphasizing cardiovascular and respiratcry
responses, and manual performance to a lesser ex-
tent. Consideration of the physiological basis of
the various countermeasures. Good background.

1. Many relevant tables concerning arterial C02and
P02 as well as heart rate and blocod pressure
measures under +G, with various countermeasures.

PHYSIOLOGICAL

CA'TEGORY
AUDITORY
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FORCE

XGENERAL
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REVIEW
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=== Physiological Reactions of the Human Body to

Transverse Accelerations and some Means of
Increasing the Organism's Resistance to these

{rer.o 11 l
G- 18

DAVE:

y B o

Barer, A. S.

ABSTRACT

RELEVANCE

et ... SALTENT DATA

HUMANS - X
ANIMALS -

Flight in a space vehicle is accompanied by the
effects of exposure of the subject to di‘ferent
accelerations. Prolonged acceleration appears
during the start and at the re-entry of the space
vehicle into the earth's atmosphere. It also can
occur during maneuvers while in flight. Three
general groups of experiments are described here-
in. ‘The first group considers the limits of human
tolerance to prolonged forward acceleration at an
angle of 650 to the longitudinal axis of the body.
The second group of experiments include tests of
different methods whereby human tolerance to trans-
verse acceleration might be increased. The third
group of experiments contain investigations in
which the tolerance to acceleration was determined
in time under selected optimal conditions. Detailed
records and data were obtained during each experiment
en certain physiological functions of the human
body. Complete analysis of these data are dis-
cussed. Although estimates were made in this study
of methods for increasing resistance of the human
being to prolonged acceleration stress and limits
of tolerance to this stress were established, un-

of the o.ganism to stress. Detailed analyses of
the questions raised are considered in the paper.
Physiological responses of the human being to these
stresses are considered in light of the experimental
data contained in the manuscript.

1. Centrifuge data from USSR up to 22 g at angles
of 650 & 800 to the longitudinal axis of the
body. Data is mostly cardiovascular & pul-
monary but also visual and CMS. Good data on
respiratory rate and volume.

¢. Reviewed Soviet centrifuge work on G,. Em-
phasis on CV changes, but with good 8ata on
respiratory effects {frequency, volume, etc.)
at 2-22 g exposures. Also some EEG changes
and visual limits. Discussion of emotional
factors in level of meat of "reciprocal
reactions" of organisms.‘

PHYSIOLOGICAL
CATEGORY
AUDITORY
310MECHNL
X cARDIOVSCL
FCRCE
X GENCRAL
LABYRINTH
MAN,CNTRL
PROTECTIVE
REVIEW
X RESPIRAT'YN
SIMULATION
X VISUAL
QTHER

answered questions still remain regarding the reactiop

AUGMENTATION
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AURAL
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Barer, A. S. 4];;.]]

The paper presents X-Ray data on changes in intra-
thoracic volume due to increase in acceleration stress.
Much data (qualitative) presented on ECG & EMG. B8lood
pressure increases of systolic 220 mm Hg & diastolic
170 mm Hg at 8 g, and angle of 650 were reported.

Depth of respirator, increased only to 6g. Respiratory:
rate increased linearly in the range 4-12 g, @ 65° and
at greater (angle = 800) remained constant at 25-27
breaths/min. At 650 blackout occurred at 10-12 g at 80°

not until 16g.
Also there is acuity data presented (pg. 132).

Greater stress noted generally during momentum phase
Question: is this due to experiment anxiety or centrifuge

dynamics?

The index of breathing was measured with a pneumotachygraphi
Should find out more about it.
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Fig. 4. Averace values of the Jhicf indices of eatenal breath-
ing o the stadied vamee of aceeleritions: T—~{regnency of hreathe
ity 2e—the volmme of respiration: 3=the minate volume ol
veapitation f—the vital capacity of the lungs cat the aaeelee
tin of 2128 at wn angle of 63°, W the accdeaton of 12.324
at an angle vl SUT).
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TITLE:

Comparison of Technigues for Measuring +Gz

rer. o 144

Tolerance in Man. ue-19
DATE:
- LLUSR: ’ HUMANS = X
Keutz, R, 8 ANTMALS -
PHYSICLOGICAL
Two objective methods and one subjective method for CATEGORY
measuring +G, tolerance (inertial vector in a head- AUDITORY
to-foot direction) were compared on the human centri- BIOMECHNL
fuge. Direct eye-level blood pressure (PA), blood CARDIOVSCL
flow velocity in the superficial temporal artery FORCE
(Qta), and subjective visual symptoms were used to GENERAL
§ determine tolerance to rapid onset acceleration LABYRINTH
£/ (1 G/s) on the USAFSAM human centrifuge. Seven MAN.CNTRL
3| relaxed subjects with extensive centr fuge ex- PROTECTIVE
perience were exposed to gradually increasing +Gz REVIEW
plateaus until the subjects reported 100% loss of RESPIRAT'N
peripheral centrifuge gondola lights (PLL) ard 50% SIMULATICN
loss of centr2l light (CI.D); viz, blackout. Zero X VISUAL
forward Qta occurred 6 s (range 4-9 s) before sub- OTHER
jective blackout and when mean eye-level hlood press-
ure had reached 20 +1 mm Hg (SE). The results of .
this study indicate that flow changes in the super- AUGMENTATION
ficial temporal artery reflect flow changes in the DEVICES
retinal circulation during +G, stress. HELWET
STRAPS
; ______________________________________________________ AURAL
§ EXTREMITY
§| The correlation of blood flow in the superficial xt::z.u.
temporal artery and direct eye level blood pressure RESPIRATORY
(intra-ocular) to subjective visual symptoms during
+G_ accelerations LACRIMATION
b 4 * TEMPERATURE
MASK
1. "When blackout was approached (2.7 to 4.5 Gs)
eye level arterial blood pressure began to fall
concomitant with the occurrence of retrograde
flow in the temporal artery (F163)"
2. Retrograde flow (Fig 4). " Zero forward temporal
flow ?Qta) was determined both graphic and audio
recordings 6s (4 to 9 range) prior to blackout
i Eye level mean arterial pressure (Pa) decreased
a to 20 +1 mm Hg when zero forward Qta was
£ initiaTly recorded".
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G Tolerance and Protection with Anti G Suit uG- 20
foncepts. DATE :
W‘ [IUMANS - X

BRurton. R. R.

ANIMALS =~

ABSTRACT

RELEVANCE

——mtl oo SALTENT DATA

The 'ffects of pressurizing various functional units
of an experimental pneumatic-lever anti-G suit (PLS;
frequently called a capstan suit) on a G, tolerance
and protection were determined at relaxed + G, Tevels
during G, for 60 s - termed high sustained G (HSG)
Measured were +G, tolerance and protection on nine
male subjects us%ng 1ight loss criteria, increases
in heart rate during HSG and subjective analysis.
These data from the PLS were compared with similar
findings obtained from the same persons wearing

the USAF standard anti-G suits (CSU-12/p) with and
without suit pressurization. Abdominal bladder
inflation offered the highest increase in relaxed
“Gz tolerance (0.7 G) whereas leg pressurization
offered the greatest anti-G protection (heart

rate criterion and subjective analysis).ateHSG.
Specifically regarding the PLS, it was found
superior to the CSU-12/p at HSG regarding both +G;
protection and subject comfort.

“ ws G5 B ep W G AF EE T G G G Gl h P ER WD D e WS D WD AS D N D W WA R T D D N D N G EL Wh W W W TR W W

1. Abdominal pressurization has most effect on in-
creasing G level endpoint but hardly any effect:
on heart rate.

2. Leg pressurization has most effect on heart
rate reduction but only small effect on in-
creasing G level endpoint.

3. Leg pressurization contributed to absense of
pain and feeling of support. (GK - heart rate
psychological effect ciimed by feeling of
support??

4. Breakdown of G level Increase:
a) wearing unpressurized suit = 0.3g
bg leg pressurization = 0.2¢g

¢ abdominal pressurization = 0.7
Total = "1.29
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5. Authors postulate following equation for leg pressur-
ization effect on heart rate: '

Burton, R. R.

- L ———

Heart rate = 163 - (6)(leg pressure
(BPM) ‘

ik i

qsi)

: 6. Uses 100% loss of peripheral light & 60% of central 1ight
: loss as an indicator of limit.

7. "The ROR (rapid Onset Rate) toleranced (Group mean)
found for either anti-g suit w/o. Pressurization was the
same 4.0.g's. This is similar to the 4.1 G's relaxed
tolerance level reported by Parkhurst et al (11) in
their HSG study where subjects were the SBS w/o press-
urization. Both Parkhurst & Burton reported a .3 to .4G
increase in ROR tolerance as a result of wearing
i either SBS or PLS anti-g suit w/o application of pressure.
i The effect of pressurizing both suits & specific portions
of PLS upon the +Gz tolerance is seen in Table I.

T PSRy

Table I. RELAXED ROR AND GOR +Gz TOLERANCE (MEAN + S.E.)
FOR NINE MALES WEARING FITHER THE CSU-12/p(SBS) OR
PNEUMATIC LEVER (PLS) ANTI-G SUITS WITH AND WITHOUT SUIT ]

B-22

; PRESSURIZATION. THE ANTI-G EFFECT FROM INFLATING ONLY THE i
LEG OR ABDOMINAL PORTION OF THE PLS IS ALSO COMPARED. g
i Control 3
No Pressure (NP) Abdominal Leg ]
(Both Suit Types) Pressure Pressure ’
‘ SBS* PLS* 3
ROR 4.0 5.0%* I 4,.7%* 4.2 |
Mean f
+ S.E. 0.29 0.30 0.31 0.30 0.36 :
GOR 5.0 5. 9w 5.6¥* 5. 4w 5.2
Mean é
+ S.E. 0.27 0.28 0.26 0.31 0.39
* Suits were pressurized (Note Text): }
**  Significantly different from NP control +Gz tolerance ]
p<0.01 using paired t-Testing :
+ PLS was used (note Text).
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; LEE Effect of Prolonged Bedrest & +Gz Acceleration rer. s 106 !
' Upon Peripheral Visual Response Time. G- 91 ! ]
‘ DATL:: : ;
MR AVTHOR:  Haines, R. F. unans - X j‘
Cardiovascular deconditioning, dehydration, and otherft*21onsetcnt
physiological changes which occur as a result of pro-~ " ~
longed exposure to the zero -g space environment ‘BIOM;cw
; raise some questions about the applicability of much | .- o
: previous research which has shown that spacecraft FORCE
: reentry accelerations pose no appreciable physiologi+4 rurar -
e 2 cal or performance problems for the astronauts. The | . vemew
1 2] present paper deals with whether or not peripheral MAN . CNTRL i
‘ al visual response time changes during +Gz acceleration PROTECTIVE
“| after 14 days of bedrest. Eighteen test lights, REVIEW
; placed 109 are apart along the horizontal meridian RESPIRAT'N
‘. of the subject's field of view, were presented in a SIMULATZON
: random sequence. The subject was instructed to presq :visua
b a button as soon as a light appeared. This testing OTHER
FE occurred periodically during bedrest and continuously
1 during centrifugation testing. The results indicated
1 05 that: (1) mean response time was significantly AUGMENTATION
i longer (P 0.01) to stimuli imaged in the far peri- [|oevices _
. phery than to stimuli imaged closer to the line of HELMET  §
sight during +Gz acceleration, (2) mean response timg srrass
g at each stimulus position tends to be longer at AURAL
f! plateau g than during the pre-acceleration baseline SXTREMITY
158 4| period far that run by an amount which ranged from LBNP
1 %] about 20 to 120 mscc, (3) mean response time tends X visuaL
1 3RE to lengthen as g level is increased, and (4) under RESPIRATORY
these testing conditions peripheral visual LACRIMATION
response time during +Gz acceleration within approx-| TEMPERATURE
i imately 40 seconds of blackout does not provide a MASK __
reliable indicater that blackout is going to occur.
. The bedrest response time data showed that the dis- i
3 tribution of RTs across the horizontal retinal meri- ]
‘ dian remained remarkably constant within subjects 3
from day to day during the bedrest and recovery s
periods. These findings are discussed in relation tg b
previous studies and to the design and placement of L
aerospace vehicle cockpit instruments. .
!
| E ------------------------------------
Q
; E Detailed data on time delays to visual stimuli at
8l various retinal locations as a function of S-level
= (We could simulate the long reaction time by re-
ducing contrast or intensity appropriately. Good
4 review of earlier reaction time illustrative for
+Gz.
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i Haines, R.F. Lnrn]OS

Response time lags is not a good indicator to loss of
peripheral vision.
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Acceleration & Human Performance HG= 22
o AT
| LA Grether, W. F. .
T
PHYSINLOGICAL
Research on acceleration (G), such as experienced in [FATRORY
aircraft and space vehicles is reviewed in terms of |[% AUPITORY
effects on human performance capabilities. Almost X:::;fi::"
all such research has been conducted on human centyi-]* “*00/ovsc
fuges with the inertial force vectors in the +Gx and -Gx XG“!ML
direction for seated subjects, and the +Gz and -Gz X ABYRINTH
E directions for supine and prone subjects. Visual xa“uc&ék
g blackout has become the standard indicator of human PROTECTIVE
tolerance to +Gz acceieration. Other functions, REVIEW
namely absolute thresholds, brightness, discrimin- RESPIRAT'Y
ation, visual acuity, and instrument reading all SIMULATION
have been found to be impaired at G levels well VISUAL
below physiological tolerance limits, for +Gz, OTHER
+Gx, and -Gx vectors. Motor capabilities, namely
tracking, reaction time, reading, and manipulation
also show impairment at relatively low 6 levels. AUGMENTATICN
Limited data on intellectual or central progress DEVICES
suggest that these are more resistant, but not HELMET
immune, to effects of exposure to acceleration. In-| srmars
g cluded in the review is discussion of probable X AURAL
£ mechanisms causing performance impairment. X EXTREMITY
- LANP
E --------------------------------------------------- X VISUAL
RESPIRATORY
Good ref., pertains primarily to the visual sense, LACRIMATION
tracking performance, reaction time, manual control, | TEMPERATURE
MASK
1. p 1159 - Brightness thresholds not affected by
Gz when cource brightness is in 0.2 Ft-L to
100 Ft-L rardge; is affected in the 0.03 Ft-L
range & due to retinal hypoxia visual acuity
affected up to 4 Gz & severe when brightness
down at 0.01 Ft. L - acuity decrement mechanism
not known.
-
5| 2. p 1160 - "Hearing relatively immune to acceler-
ation up to the point of unconsciousness" but
§ reaction time increased (See Below).
3 3. P1161 - "very little research on manual cap-
abilities during acceleration ... perhaps
the effects seemed obvious" See Table 1V.
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